Recovering Low Spatial Frequency Phase Information by Electron Holography: Challenges, Solutions and Application to Materials Science by Ozsoy Keskinbora, Cigdem
    
  
 
Max Planck Institute for Solid State Research 





Recovering Low Spatial Frequency Phase 
Information by Electron Holography: Challenges, 








Approved dissertation to obtain the academic degree of Dr. rer. nat 
Technische Universität Darmstadt 
   
by 
Cigdem OZSOY KESKINBORA 
Darmstadt, 2016 - D17 
 
 
    
 
    
 
Max Planck Institut für Festkörperforschung 
 
 
“Recovering Low Spatial Frequency Phase Information by Electron 
Holography: Challenges, Solutions and Application to 
 Materials Science” 
 
 
zur Erlangung des akademischen Grades eines Dr. rer. nat 
 
vom Fachbereich Material- und Geowissenschaften 
der Technischen Universität Darmstadt  
genehmigte Dissertation, 
vorgelegt von 
Cigdem OZSOY KESKINBORA, M.Sc. 
aus Eskisehir, Türkei 
 
 
Tag der mündlichen Prüfung: 14 Dezember 2015 
1. Referent:  Prof. Dr. Peter van Aken 
2. Referent:  Prof. Dr. Hans-Joachim Kleebe 
 
Tag der Einreichung: 3. November 2015 
Tag der Prüfung: 14. Dezember 2015 





























Dieses Dokument wird bereitgestellt von tuprints, 






Die Veröffentlichung steht unter folgender Creative Commons Lizenz: 

















„to my dad 
biricik babam 















  i 
Abstract 
Bi2Se3 is a narrow band gap semiconductor, which has the peculiarity to host a single 
degenerate surface state consisting of a Dirac cone.1 Since the discovery of its surface state 
using angle resolved photoemission spectroscopy (ARPES), Bi2Se3 has been considered as a 
simple model system for topological insulators (TIs). As expected for TIs, the Bi2Se3 surface 
state stays robust against adsorption of adatoms even after exposure to air. However, as a 
semiconductor, atomic or molecular adsorption creates an electrical potential, which 
induces bending of energy bands at the surface. ARPES measurements showed that exposing 
Bi2Se3 to air results in the appearance of new parabolic bands at the surface. These states 
are imputed to the presence of a two dimensional electron gas (2DEG), resulting from 
downward bending of the conduction band at the (110) surface.2 However, ARPES 
experiments are carried out in reciprocal state, and so cannot “see” the 2DEG whereas it 
can be directly observed by electron holography in a transmission electron microscope 
(TEM). 
Holography - originally developed for correcting spherical aberration in transmission 
electron microscopes3 - is now used in a wide range of disciplines that involve the 
propagation of waves, including light optics,4 electron microscopy,5 acoustics6 and 
seismology.7 In electron microscopy, the two primary modes of holography are Gabor’s 
original in-line setup and an off-axis approach that was developed subsequently. Electron 
holography is a powerful technique for characterizing electrostatic potentials,8 charge order, 
electric9 and magnetic10 fields, strain distributions,11,12 and semiconductor dopant 
distributions13 with nm spatial resolution. One of the main electron holography methods, in-
line electron holography, suffers from inefficient low spatial frequency recovery but has the 
advantage of high phase sensitivity at high spatial frequencies. In contrast, off-axis electron 
holography can cover the low spatial frequencies but cannot achieve currently the 
performance of in-line holography at high spatial frequencies. These two techniques are 
highly complementary, offering superior phase sensitivity at high and low spatial resolution, 
respectively. All previous investigations have focused on improving each method 
individually.  
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This dissertation summarizes two alternative approaches. The first approach focuses on 
the in-line electron holography method and shows the first examples of how gradient-
flipping enhances the low spatial frequency recovery of the existing flux preserving non-
linear wave reconstruction algorithm. The second approach, called hybrid electron 
holography, shows how the two methods can be combined in a synergetic fashion to provide 
phase information with excellent sensitivity across all spatial frequencies, low noise and an 
efficient use of electron dose. These principles are expected to be widely applicable also to 
holography in light optics, X-ray optics, acoustics, ultra-sound, terahertz imaging, etc. 
High spatial resolution and high phase sensitivity are crucial for investigating low 
dimensional materials and challenging when the aim is full quantifiability. Therefore, gold 
nanoparticles and some preliminary result from Bi2Se3 are presented as an example, 
showcasing the suitability of hybrid electron holography for addressing such questions.  
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Zusammenfassung 
Bi2Se3, ein Halbleiter mit kleiner Bandlücke, besitzt die Besonderheit, dass an seiner 
Oberfläche ein einzelner entarteter Elektronenzustand in Form eines Dirac-Kegels auftritt. 
Seit der Entdeckung dieses Zustandes mittels winkelaufgelöster Photoemissions-
Spektrosopie (ARPES) gilt Bi2Se3 als einfaches Modellsystem eines topologischen Isolators. 
Der Oberflächenzustand wird nicht durch Adsorption von Gasen, z.B. an Luft, zerstört, was 
typisch für topologische Isolatoren ist. Wegen seiner Halbleitereigenschaft bildet sich durch 
Gasadsorption allerdings ein elektrisches Potential welches zur Bandverbiegung an der 
Oberfläche führt. ARPES-Messungen haben gezeigt, dass an Luft neue parabolische Bänder 
in Oberflächennähe auftreten. Diese Bänder werden einem 2-dimensionalen Elektronengas 
zugeschrieben welches entsteht, indem das Leitungsband an der (110)-Oberfläche nach 
unten gebogen wird. Das Problem von ARPES-Messungen ist, dass sie den reziproken Raum 
vermessen, d.h. ein 2-dimensionales Elektronengas kann so nicht direkt sichtbar gemacht 
werden. Dies ist mit der Elektronenholografie im Transmissions-Elektronenmikroskop (TEM) 
möglich. 
Holografie,  ursprünglich entwickelt um den Öffnungsfehler von Linsen im TEM zu 
korrigieren, wird inzwischen in vielen Bereichen angewandt in denen die Ausbreitung von 
Wellen eine Rolle spielt. Dazu gehören die Lichtoptik, die Elektronenmikroskopie, die Akustik 
und Seismologie. Im Bereich der Elektronenmikroskopie werden insbesondere die 
ursprünglich von Gabor entwickelte in-line-Holografie sowie die später entwickelte off-axis-
Holografie angewandt. Die Elektronenholografie ist ein mächtiges Werkzeug für die 
Charakterisierung von elektrischen Potentialen, Ladungsordnung, Magnetfeldern, elastische 
Spannungen und Dotierverteilungen in Halbleitern, alles mit einer Ortsauflösung im 
Nanometerbereich. Die in-line-Holografie kann zwar niedrige Raumfrequenzen nur 
unzureichend detektieren, hat aber den Vorteil einer hohen Phasenempfindlichkeit bei 
hohen Raumfrequenzen. Im Gegensatz dazu kann die off-axis-Holografie niedrige 
Raumfrequenzen gut auflösen, ist aber bei hohen Raumfrequenzen der in-line-Holografie 
unterlegen. Dies zeigt, dass die zwei Methoden komplementär sind und in ihrem 
Zusammenspiel in der Lage sind, sowohl bei niedrigen als auch bei hohen Frequenzen hohe 
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Phasenempfindlichkeit zu erreichen. Bisher wurden beide Methoden separat optimiert, 
nicht aber gemeinsam. 
In der vorliegenden Dissertation werden beide Methoden vorgestellt. Zunächst wird 
gezeigt wie in der in-line-Holografie im flusserhaltenden, nichtlinearen 
Wellenrekonstruktionsalgorithmus die Rekonstruktion niedriger Raumfrequenzen mittels 
Gradienten-Umkehr (gradient-flipping) verbessert wird. Anschließend wird gezeigt wie 
durch Kombination beider Holografiemethoden die Phasenempfindlichkeit über den 
gesamten Raumfrequenzbereich bei geringem Signalrauschen und idealer Ausnutzung der 
Elektronendosis erreicht werden kann. Dies wird als hybride Elektronenholografie 
bezeichnet von welcher wir breite Anwendungsmöglichkeiten im Bereich der Lichtoptik, 
Röntgenoptik, Ultraschall- und Terahertz-Abbildung erwarten.   
Für die Untersuchung niedrigdimensionaler Materialien sind hohe Ortsauflösung und 
hohe Phasenempfindlichkeit entscheidend, insbesondere wenn diese Untersuchungen 
quantitativen Charakter haben sollen. Dies wird am Beispiel von Gold-Nanopartikeln und 
ansatzweise an Bi2Se3-Proben gezeigt und stellt einen Nachweis der Anwendbarkeit der 
hybriden Elektronenholografie dar. 
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1. Introduction 
General Context 
Is the electron a particle or a wave? The basis of this question was another question “is 
light a wave or a particle?” At the end of the 1800’s light was widely accepted to be a wave. 
It could be completely explained with Maxwell’s equations.14 In 1900 Max Planck proposed 
that light can carry discrete energy values and this led to Albert Einstein’s photoelectric 
effect study in which light was defined as a discrete wave packet,15 a photon.16 Light behaves 
either as a particle or as a wave under different conditions. In 1924, Louis de Broglie took 
the concept to a new level by discussing the duality for any matter. If a photon can show 
both particle and wave properties, how about other particles such as electrons?  According 
to de Broglie matter can be associated with a wave with 𝜆 = ℎ 𝑝⁄ , where 𝜆 is Broglie wave 
length, h is Planck’s constant and p is the momentum of matter. D e Broglie hypothesis is 
valid for any matter, as well as for electrons. Electrons show both particle and wave behavior 
which forms the fundamental interactions used in electron microscopy. Methods such as 
diffraction, holography, and high resolution imaging rely on the wave-like properties of 
electrons. Energy loss and X-ray spectroscopy, as well as secondary effects such as 
secondary electron imaging, backscattering and are caused by the particle-like nature of the 
electron. 
For the first time in 1931, Knoll and Ruska obtained images using electrons17,18 with a 
microscope that did not suffer from diffraction limit (d) related to the wavelength of visible 
light19, 𝑑 = 𝜆 2𝑁𝐴⁄  where NA is the numerical aperture. At least that was their first idea. 
Ernst Ruska mentioned in his Nobel lecture that he was disappointed when he first heard 
about de Broglie’s hypothesis because the wavelength would become again a limit for their 
microscope. He was satisfied when they realized that the electron wave has an ~5 orders of 
magnitude shorter wavelength than visible light.20 Today, still electron microscopes are far 
away from being able to reach the diffraction limit due to the imperfections in the 
electromagnetic lenses or electron sources.  
In 1948, Dennis Gabor introduced a method called holography3 to improve the 
resolution in electron microscopes by correcting aberrations of the imaging system using 
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the electron wave function. The main idea behind holography is obtaining the wave function 
of the investigated sample by creating a phase difference with a reference wave. In Gabor’s 
first experiment the reference wave and object wave were in the same optic axis (in-line 
setup). However, it was not practically applicable for electron microscopy. Then, this idea 
was followed by creating interferences using a reference wave that was aligned in a different 
axis than the object wave with the help of a charged wire called the biprism.21 This second 
method, called off-axis electron holography, provided a straightforward and accurate 
reconstruction, despite the necessity of extra hardware. In 1972 Gerchberg and Saxton 
proposed an iterative computational algorithm that used several wave front intensities 
recorded in the image and diffraction plane.22 In this method the incident beam was the 
reference beam itself. Nowadays, these two set-ups, in-line and off-axis electron 
holography, are at the center of phase retrieval studies.   
Motivation 
Once the wave function is obtained, it is not only possible to remove the aberrations, 
but also to access information on the electrical and magnetic properties of the sample. This 
is the reason, even though today transmission electron microscopes have the correctors for 
some higher order aberrations, electron holography is still a widely used method. It gives 
the opportunity to map electric9 and magnetic10 fields, electrostatic potential,23 strain11,12 
or charge distributions13 and other characteristic properties.  
Bi2Se3 has been widely studied due to its thermoelectric behavior since 195824. It 
became popular again with the discovery of its interesting surface state in 20091. The surface 
state appears as a result of high spin orbit coupling which creates a Dirac cone in its band 
structure just at the surface. Beside this, it shows extra band bending that causes the 
formation of a 2 dimensional electron gas (2DEG) at the Bi2Se3 surface. Although ARPES 
measurements had proved the existence of a 2DEG in Bi2Se3,2 the method gives reciprocal 
space information. Therefore, the distribution of these charges in real space is not known. 
Electron holography is a serious candidate to determine the distributions of the 2DEG in 
Bi2Se3. So the preliminary purpose of the PhD work was the mapping of the 2DEG in Bi2Se3 
in real space using in-line electron holography, due to its high phase sensitivity. The results 
of 2 years of study showed that the strong phase properties of Bi2Se3 and the condensation 
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of artifacts at the surface, due to missing low spatial frequencies make quantification 
impossible. It is also known that the other electron holography method, off-axis electron 
holography, does not have enough phase sensitivity yet to measure the very weak phase 
changes due to the 2DEG.   
Because of certain drawbacks of in-line and off-axis electron holography for 
determination of mapping the 2DEG of Bi2Se3, the direction of this study was steered 
towards the enhancement of electron holography methods. In this manner, the hybrid 
electron holography method which combines off-axis and in-line electron holography in a 
synergetic way, and the gradient-flipping assisted flux preserving in-line electron holography 
method were introduced into the scope of this thesis. 
I would like to summarize first the in-line electron holography investigation on Bi2Se3, 
which was carried out with the flux preserving in-line wave reconstruction algorithm 
introduced by Koch25,26 and point out the challenges. Then I will present the first electron 
holography results achieved by using flux preserving non-linear wave reconstruction 
improved by applying a gradient flipping method. Later, I will introduce the method that 
synergistically combines in-line and off-axis electron holography for superior phase 
resolution and sensitivity which is fully quantitative.  
Organization of the Thesis 
In this dissertation all chapters have an introduction that describes each project in 
detail, mainly based on the publications given above, so that, each chapter can be 
considered independently.  
The 1st chapter is a general introduction that summarizes the key points on electron 
holography, such as electron-matter interaction, the physical background, and the two 
major electron holography methods with their comparison.  
The second chapter focuses on in-line electron holography studies. In the first part of 
the chapter, the investigations that are done on Bi2Se3 to observe the 2DEG with the flux 
preserving nonlinear in-line electron holography algorithm and existing problems are 
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described. Then, improvements by the addition of gradient flipping to the flux preserving 
wave algorithm are discussed.  
Chapter 3 introduces the hybrid electron holography method, which is a synergetic 
combination of off-axis and in-line electron holography for the first time.  
Chapter 4 gives some examples of the applications and capabilities of hybrid electron 
holography for material science problems.  
Chapters 3 and 4 are the based on the papers,  
“Hybridization approach to in-line and off-axis (electron) holography for superior 
resolution and phase sensitivity” C. Ozsoy-Keskinbora, C. B. Boothroyd, R. E. Dunin-
Borkowski, P. A. van Aken & C. T. Koch published in Scientific Reports in 2014,Vol 4, 07020 
and 
“Mapping the Electrostatic Potential of Au Nanoparticles via Hybrid Electron 
Holography” C. Ozsoy-Keskinbora, C. B. Boothroyd, R. E. Dunin-Borkowski, P. A. van Aken & 
C. T. Koch, which published in Ultramicroscopy in 2016 Vol 165, Pages 8-14, respectively.  
Furthermore, second half of the Chapter 2 is based on another paper which is in 
preparation with named as  
“Improved low frequency recovery, high-contrast imaging of phase objects by gradient-
flipping assisted flux preserving wave reconstruction” coauthored as Cigdem Ozsoy-
Keskinbora, Wouter Van den Broek, Amin Parvizi, Xiaoming Jiang, Chris Boothroyd, Rafal E. 
Dunin-Borkowski, Peter A. van Aken, Christoph T. Koch.  
Furthermore, as a side project, another paper is published in ACS Nano, 2016, 10 (7), 
6988-6994 and.named as “Wadge Dyakonov Waves and Dyakonov Plasmons in Topological 
Insulator Bi2Se3 Probed by Electron Beams”. coauthored as Nahid Talebi, Cigdem  
Ozsoy-Keskinbora, Hadj Mohamed Benia, Christoph T. Koch, Peter A. van Aken. 
The final chapter summarizes the whole thesis and its contribution to the literature, 
with future perspectives.  
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1.1. Electron Matter Interaction 
An electron (-e) is an elementary particle with a negative charge. Due to its small mass 
it must often also be treated as a wave. The electron was discovered by J.J. Thomson in a 
1897 experiment which demonstrated the deflection of cathode rays under an electric field. 
27 Because of its charge an electron can be scattered by electrostatic forces and by other 
charged particles. This allows the electron to be focused or directed with electromagnetic 
lenses and to be used for imaging or spectroscopy, to characterize the results of interactions 
of incident electrons and a sample.  This interaction (or scattering) can either be inelastic, 
such as in absorption or emission, or it can be elastic where the kinetic energy is conserved. 
Before focusing on individual scattering events, all scattering events used in electron 
microscopy are summarized as in Fig. 1.1. 
 
Figure 1. 1 Signals generated due to electron-specimen interactions28.  
 
1.1.1. Elastic and Inelastic Scattering 
Elastic Scattering 
The electrons with a kinetic energy Ek that encounter matter, scatter either without any 
energy exchange or transfer some of their energy to the specimen.  They can be scattered 
by an isolated single atom or they can collectively scatter from an ensemble of atoms. In the 
case of a single isolated atom, the scattering happens as a result of Coulombic interactions 
between the incident electron and the electrostatic field of a nucleus or electron cloud. The 
scattering takes place with negligible energy transfer and it is called elastic scattering. When 
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an electron passes close enough to the nucleus of atom, it is drawn in by the nucleus. This 
event induces deflection of the electron at very high angles, it can even be backscattered.  
Many of the electrons travel through the specimen, as the interaction with a nucleus is 
limited by the fast-decaying electrostatic potential (obeying the inverse square law) of the 
nucleus which is also partially shielded by the core shell electrons. 29 (Fig. 1.2) 
 
Figure 1. 2.  Schematic of elastic scattering due to the interaction of an electron beam with an atom. 
For Rutherford scattering, which neglects the effect of the scattering electrons, the 
probability p(θ) of an electron with incident energy E0 being scattered  though the angle θ is 
defined by.30 




      Eq. 1. 1 
As can be seen from the eq. 1.1 the probability of low angle scattering is higher than for 
high angles. 
Inelastic Scattering 
Another scattering event is inelastic scattering where detectable energy transfer occurs; 
the incident electron looses or gains energy. Again for the isolated atom case, when incident 
electrons interact with the nucleus and are decelerated by the Coulomb field, this causes 
continuous X-ray emission called Bremsstrahlung.  Another type of interaction is when an 
inner shell electron is knocked out. Since the electrons are bond, this process needs a certain 
amount of energy30 so the incident electron transfers part of its energy to the core-shell 
electron. This energy value is characteristic and is equal to the difference between the initial 
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and final stage of the core-shell electron, which was knocked out by the incident electron. 
In a later stage this excited electron can return to its ground state. During this process the 
excited electron loses its energy by emitting a characteristic X-ray, which is commonly used 
for spectroscopy. 28 Figure 1.3 summarizes this process for K and M shell electrons. With 
help of specific detectors, both X-rays and the incident electrons’ energy loss can be 
detected via transmission electron microscopy. (See the details for X-ray spectroscopy 28 and 
electron energy loss spectroscopy29). 
 
Figure 1. 3 Schematic of inelastic scattering due to the interaction of an electron beam with an atom. 
Inner-shell interactions cover a small part of inelastic scattering phenomena. Auger 
electrons, secondary electrons, cathodoluminescence, etc. are all also results of inelastic 
scattering, but those signals do not commonly find practical applications in TEM (for details 
see28). The most common inelastic scattering phenomenon in TEM is generated by 
plasmons, which are collective oscillations of weakly bonded or free electrons.29 Plasmon 
scattering has the highest scattering cross section  of all inelastic scattering events. 
Another relatively weak collective oscillations that causes inelastic scattering are 
phonons, where all the atoms in a crystal oscillate collectively as a result of energy transfer 
from an incident electron.  
The scattering cross section and scattering angle determine the penetration length of 




       Eq. 1. 2 
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where NA and ρ are Avogadro’s number and density, respectively.31 
1.1.2.  Coherent and Incoherent Scattering  
Categorization of scattering events as elastic or inelastic scattering is based on the 
particle behavior of the electron. The second way of classifying electron scattering is as 
coherent or incoherent scattering, which originate from the wave nature of electrons. With 
the developments in electron sources, especially the discovery of field emission guns, the 
temporal and especially the spatial coherence of the incident electrons have greatly 
improved. When the incident electron is scattered in the sample, and if the scattered 
electron still preserves a (constant) phase relation with its initial state, then this scattering 
event is categorized as coherent scattering. Different partial waves of the same electron 
constructively interfere with each other when phase maxima superimpose. If these maxima 
positions shift, the waves may cancel, i.e. interfere destructively. Therefore the total 
intensity can be constructed by adding the amplitudes of the scattered wavelets scattered 
from different locations (𝜓𝑟𝑗) as in Eq. 1. 3 and 1.4.   
𝜓𝑐𝑜ℎ = ∑ 𝜓𝑟𝑗𝑟𝑗      Eq. 1. 3 
𝐼𝑐𝑜ℎ = 𝜓𝑐𝑜ℎ 𝜓𝑐𝑜ℎ
∗ =  |∑ 𝜓𝑟𝑗𝑟𝑖 |
2
    Eq. 1. 4 
𝜓∗ is the complex conjugate. However, in incoherent scattering the phase relation is 
broken. This destroys the destructive and constructive interference, which prevent the 
summation of the amplitudes of the scattered waves. This means the intensities must be 
individually summed32 (Eq. 1.5).  
𝐼𝑖𝑛𝑐𝑜ℎ = ∑ 𝐼𝑟𝑗𝑟𝑖 =  ∑ |𝜓𝑟𝑗|
2
𝑟𝑖      Eq. 1. 5 
Diffraction can be given as the most well-known example of coherent scattering in TEM. 
1.2.  Electron Holography 
The wave-like properties of electrons, more specifically coherently scattered electrons 
form the basis of electron holography. When incident electrons pass though the specimen, 
the wavelength of the incident beam changes as a result of the interaction and at the end 
the incident wave (or the wave that pass through vacuum) and the object wave have 
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different phases.33 The effect of  the interaction on the phase is given by the following, 34 
Eq. 1.6. 
𝜙(𝑥) = 𝐶 ∫ 𝑉(𝑥, 𝑦) 𝑑𝑧𝐸 − (
𝑒
ħ
) ∫ 𝐵⊥ (𝑥, 𝑦)𝑑𝑥𝑑𝑧    Eq. 1. 6 
where CE is described by Eq.1.10, where E and E0 are the kinetic and rest mass energies of 
the electron and λ is its wavelength.  






)    Eq. 1. 7 
So the phase information gives information on the mean inner potential (V), magnetic 
field (B) and thickness (t) of the specimen.  
Cowley summarizes different ways to create and measure this interference.35 In this 
dissertation the two most common holography methods, in-line and off-axis electron 
holography, will be discussed with their advantages and disadvantages, and an alternative 
way, to solve the current problem with a combination of these two methods, will be 
described.   
1.3.  Off-Axis Electron Holography 
As mentioned above, a positively charged wire, which is placed near the intermediate 
image plane (in most cases), is used in off-axis electron holography to produce an 
interference pattern between the object wave and a reference wave that comes from the 
vacuum. The main idea is to superimpose these two waves and to measure the phase 
difference36.  The incident beam is defined as a plane wave.   
𝜓(𝑟, 𝑡) = 𝐴 exp(𝑖(2𝜋?⃗? 𝑟 + 𝜑 − 𝜔𝑡))     Eq. 1. 8 
The interference of two waves (or the superposition of two waves) is the sum of these 
two waves 𝜓1+ 𝜓2. So that the intensity is  
𝐼(𝑟, 𝑡): = (𝜓1 + 𝜓2)(𝜓1 + 𝜓2)
∗    Eq. 1. 9 
w ?⃗?𝑐 = 𝑞1⃗⃗ ⃗⃗ = 𝑞2⃗⃗⃗⃗⃗;  
𝐼ℎ𝑜𝑙(𝑟) = 𝐴1
2 + 𝐴2
2 + 2𝐴1𝐴2 cos(2𝜋𝑖𝑞𝑐𝑟 + ∆𝜑)   Eq. 1. 10 
Since the reference wave is the non-scattered electron, Eq. 1.7 can be simplified as  
𝐼ℎ𝑜𝑙(𝑟) = 1 + 𝐴𝑂
2 + 2𝐴𝑂 cos(2𝜋𝑖𝑞𝑐𝑟 + ∆𝜑)   Eq. 1. 11 
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This contains the amplitudes and interference fringes that carry the phase information.37 
The reconstruction of the hologram starts with the Fourier transform of the hologram.  
FT{Ihol(r⃗)}  =  {
δ(q⃗⃗) + FT{1 + A0
2 (r⃗)}                    central band
+ μFT{A𝑖(r⃗)e
iϕ(r⃗)} ⊗ δ(q⃗⃗ − qc⃗⃗⃗⃗⃗)                       sideband + 1
+μFT{A𝑖(r⃗)e
iϕ(r⃗)} ⊗ δ(q⃗⃗ + qc⃗⃗⃗⃗⃗)                        sideband − 1,
 Eq. 1. 12 
where q is the two-dimensional reciprocal space coordinate, A(r) and φ(r) are the amplitude 
and phase of the object wavefunction and µ is the contrast of the holographic interference 
fringes. 
The inverse Fourier transform of one of the side bands after applying a circular mask 




) of the complex image. The center band is the Fourier transform of the 
conventional image.38 
1.4.  In-line Electron Holography 
In-line electron holography in the TEM, also known as focal series reconstruction, is 
similar to the scheme that was introduced by D. Gabor.3 In Gabor’s initial idea, a spherical 
wave was used for the reference wave. Fresnel fringes, which form as a result of the 
interference of the scattered and un-scattered electrons, can be used to reconstruct the 
phase information. In focal series reconstruction the interference patterns from several 
defocused images are used. The recorded image is a convolution of the object wave and the 
aberrations in the imaging system. So, if the effect of the imaging system is known, it is 
possible to back propagate the image wave and to obtain the object wave. Coherent wave 
propagation can be described in a straightforward way by Fresnel propagation. Algorithms 
based on the weak phase object approximation (WPOA),39 the transport intensity equation 
(TIE),40 the  maximum likelihood (MAL)41 principle, etc. are applied for the reconstruction. 
These methods can be classified in two categories, linear and non-linear imaging models, 
depending on whether the model considers the interference among the diffracted beams 
or not.42 In the linear imaging approach only the interference between the transmitted beam 
and the diffracted beam is used to model the wave propagation, the paraboloid method43 
and a three dimensional Fourier filtering method (3D-FFM)44 can be given as examples for 
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algorithms that use the linear imaging approximation. As an explanation of the linear 
imaging approximation, in WPOA the image exit wave is defined as 𝜓𝑒(𝑟) = 1 + 𝑖𝜎𝑡𝑉𝑃(𝑟), 
where VP is the projected inner potential, σ is the interaction constant and t is sample 
thickness much less than 1.  
Accordingly, the intensity of the image is introduced, as in Eq. 1.10, after the 
convolution of the exit wave function with the transfer function (T) of the microscope.  
𝐼(𝑟) ≈ 1 + 2𝑅𝑒{𝑖𝜎𝑡𝑉𝑃(𝑟) ⊗ 𝑇(𝑟)} + [𝑖𝜎𝑡𝑉𝑃(𝑟)⨂𝑇(𝑟)]
2   Eq. 1. 13 
In this intensity definition, the quadratic term is neglected according to the weak 
scattering object, which leaves the term that carries the information derived from the 
diffracted beams interference in linear imaging theory.45  
In many cases the diffracted electron has considerable intensity, which makes linear 
imaging not appropriate for such a specimen. This means that the interference between 
diffracted beams with each other is strong enough not to be neglected. For such cases, there 
should be another approach. The first example of the consideration of nonlinear 
contributions was proposed by Kirkland who proposed minimizing the least square function 
which that matches the phase to the measured intensity.46   
Another approach, using the transport intensity equation (TIE),  defines the intensity for 
a phase object in which amplitude fluctuations are negligible, as47,48 
𝜓(𝑟, ∆𝑓) ≈ √𝐼(𝑟, ∆𝑓)𝑒𝑥𝑝{𝑖𝜙∆𝑓(𝑟)}𝑒𝑥𝑝{𝑖𝑘𝑟}    Eq. 1. 14 





𝐼(𝑟, ∆𝑓) = −∇𝑥𝑦 (𝐼(𝑟, ∆𝑓)∇𝑥𝑦𝜙∆𝑓(𝑟))    Eq. 1. 15 
It is possible to approximately solve the equation analytically, however a full solution 
can be evaluated numerically.49  
The flux preserving non-linear wave reconstruction algorithm, which is the basis of the 
in-line reconstruction algorithm used in this thesis, will be discussed in detail in Chapter 2, 
together with the introduction of the implementation of the TIE to the algorithm.25,26  
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1.5.  Comparison of In-line and Off-axis Electron Holography  
Comparison of in-line and off-axis electron holography was done by Koch50 and 
Latychevskaia51 studying theoretical limits and the experimental point of view, respectively. 
This sub-section summarizes some of the key points of these two papers, which are highly 
relevant to the content of this thesis.  
 Table 1. 1 Summary of the different aspects by which were compared off-axis and in-line holography50 
 
Off-axis Holography In-line Holography 
Number of exposure 1 at least 2 or 3 
Reconstruction fast (linear) slow (non-linear) 
Coherence requirement very high low 
Microscope alignment 
need special and precise  
alignment 
standard 
Sample drift and mechanical 
stability  sensitivity 
High low 
Sample requirements only possible near edge no limitation 
Experimental requirements electrostatic biprism energy filter 




moderated (depends on field 
of view) 
high (depends on 
relative defocus) 
Achievable resolution limited < information limit 
Ideal for what bandwidth low spatial frequencies high spatial frequencies 
The most obvious difference between these two techniques is the external hardware 
requirement of off-axis electron holography. In contrast to in-line electron holography, off-
axis electron holography, requires a much simpler reconstruction scheme. However, an 
electron biprism (a very thin charged wire) has to be installed near an intermediate image 
plane of the microscope. Reconstruction can then be performed by linear Fourier filtering.33   
 This also affects the region of interest which has to be close enough to the vacuum and 
aligned properly with the biprisim orientation. For in-line electron holography, an energy 
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filter might be desired as extra hardware in the case that the inelastic scattering contribution 
is undesired. Off-axis electron holography proposes a fast and straightforward 
reconstruction, where in-line electron holography requires a long computation process. The 
resolution and phase sensitivity depend on the biprisim voltage for off-axis electron 
holography. Increasing the biprisim voltage enhances the resolution, but on the other hand 
the signal to noise ratio diminishes, which affects the phase sensitivity. Theoretically, the 
resolution limit is the information limit of the microscope for in-line electron holography. 
The high spatial frequency information transfer is very efficient at low defocus values, 
highest at 𝐷𝑍𝑆𝑐ℎ𝑒𝑟𝑧 = −1.2 √
𝐶𝑠
𝑘
 .52 However, in practice it is determined by the objective 
aperture that is used. The main advantage of off-axis electron holography is its 
quantifiability. For strong phase objects, in-line electron holography fails on quantification 
due to the missing low spatial frequencies, where off-axis electron holography recovers all 
spatial frequencies equally. Higher coherence increases the fringe contrast in off-axis 
electron holography. Intentionally making the illumination conditions astigmatic in one 
direction enhances the coherence in one direction. This is the reason for the common usage 
of elliptical illumination in off-axis electron holography. Of course, this requires sensitive 
alignment. On the contrary, coherence is less critical for in-line electron holography. So, it 
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2. In-line Electron Holography with Flux Preserving Non-Linear Wave 
Reconstruction 
Fresnel fringes, the oscillatory features that can be found in images that have been 
recorded under (partially) coherent illumination and out-of-focus conditions, contain 
information about the phase component of the complex wave of which the recorded image 
is the probability density. In the TEM Frisnel firinges can be used to detect material 
consisting of very light elements, or as a guide for focusing, since it is sensitive to very small 
relative optical path length differences experienced by the electrons as they pass through 
the sample. The phase of the wave function cannot be recorded directly. As mentioned 
before, the idea of recovering the wave-function in the TEM using interference between a 
reference wave and an object wave was first suggested and demonstrated by Gabor.3 The 
Fresnel fringes form as a result of interference of the waves scattered by the sample with 
the unscattered wave which are visible out of focus conditions.  
There are different reconstruction algorithms based on either the linear or non-linear 
imaging models, i.e. whether only the interference between the undiffracted and the 
diffracted waves, or also the interference between different diffracted waves, is taken into 
account. Although all of these algorithms have their strengths, none of them are able to 
recover the full spectrum of spatial frequencies of the phase.  
In non-linear in-line electron holography, the object wavefunction is its own reference 
wave, avoiding the need for an electrostatic biprism. The wavefunction can then potentially 
be reconstructed at the full image resolution. This thesis employs an iterative flux-preserving 
in-line holography reconstruction algorithm,25 18 which minimizes the difference between 
defocused images (in-line holograms) simulated from the current estimate of the electron 
wavefunction at each iteration and the experimental measurement, taking into account 
incoherent aberrations (partial spatial and temporal coherence) and refining values of 
experimental parameters such as defocus Δf, the illumination convergence semi-angle α, 
image registration, and defocus-induced distortions, which are all only known 
approximately. The image intensity I(r,Δf, ξ) of any member of the focal series at defocus Δf 
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and illumination ellipticity ξ, from which the wave function Ψ(r) is to be reconstructed, is 
given by 
𝐼(𝑟, 𝛥𝑓, 𝜉) = 𝐹𝑇−1[𝐹𝑇[𝐼𝛥(𝑟, 𝛥𝑓)] ∙ 𝐸𝑠𝑝𝑎𝑡(?⃗?, 𝛥𝑓, 𝜉) ∙ 𝑀𝑇𝐹(?⃗?)]   Eq. 2. 1 
where, 
𝐼𝛥(𝑟, 𝛥𝑓) = |𝐹𝑇
−1[𝐹𝑇[𝛹(𝑟)] ∙ 𝐶𝑇𝐹(?⃗?, 𝛥𝑓) ∙ 𝐸𝑡𝑒𝑚𝑝(?⃗?) ∙ 𝐻(?⃗?)]|
2
  Eq. 2. 2 
𝐶𝑇𝐹(?⃗?, 𝛥𝑓) = exp(𝑖𝜋𝜆|?⃗?|2[𝛥𝑓 + 0.5𝜆2𝐶𝑠|?⃗?|
2])     Eq. 2. 3 
𝐸𝑡𝑒𝑚𝑝(?⃗?) = exp (−[0.5𝜋𝜆𝛥𝑓|?⃗?|
2]
2
)     Eq. 2. 4 
𝐻(?⃗?) = {
1, 𝜆|?⃗?| ≤ 𝜃max
0, 𝜆|?⃗?| > 𝜃max
     Eq. 2. 5 




)     Eq. 2. 6 
In Eq. 2.2, the flux-preserving approximation25,18 has been adopted, which, in case of 
negligible  the spherical aberration effects Cs on the spatial coherence envelope Espat(q) 
(Eq. 2.6), accounts more accurately for the intensity distribution in in-line holograms than 
the more widely used quasi-coherent approximation. In the above formulae, the coherent 
transfer function CTF(q) (Eq. 2.4) has (for readability reasons) been limited to include only 
the effect of defocus (Δf) and spherical aberration (Cs), but can easily be extended to include 
any other coherent aberration coefficient as well. The ellipticity ξ of the illumination is 
explicitly included in the envelope function accounting for partial spatial coherence Espat(q) 
which here assumes the direction of high spatial coherence (characterized by the semi-
convergence angle α), i.e. the direction normal to the biprism in an off-axis holography 
experiment, to lie along the x-axis. Furthermore, an objective aperture H(q) (Eq. 2.5) 
admitting only scattering angles less than θmax and a partial temporal coherence envelope 
Etemp(q) (Eq. 2.5) depending on the focal spread Δf are used. 
The reliability of the reconstruction was calculated by the M value (eq. 2.11) which is 
based on the statistical method called cross validation. It is used to measure the agreement 
between crystallographic model and the experimental x ray data as a crystallographic M 





       Eq. 2. 7 
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2.1.  Investigation on Bi2Se3 
2.1.1.  Introduction  
Topological insulators belong to a very exciting class of materials due to their special 
electrical properties,53 especially the fact that their conductivity is topologically confined to 
special surfaces only. Because of this strange behavior, they are considered a class of 
material different from conductors, insulators, semiconductors, or superconductors.54,55 
Currently, Bi2Se3 is probably the most studied prototype of this class of materials. Bi2Se3 has 
a rhombohedral crystal structure; its structure is composed of repetitive Se1-Bi-Se2-Bi-Se1 
layers and the high anisotropy in the interface of two layers causes spin-orbit splitting even 
without any external magnetic field.56,57 This spin-orbit splitting causes the formation of a 
Dirac cone on the surface, as detected by the quantum Hall effect. Beside this, there is also 
band bending near the surface, which can lead to the formation of a 2 dimensional electron 
gas (2DEG).2 The observation of the electrostatic potential V(r) resulting from the charge 
density distribution at the surface of Bi2Se3 with sub-nanometer spatial resolution via in-line 
electron holography was the main focus of this study. 
Elastic scattering of fast electrons in a transmission electron microscope (TEM) is 
determined by the distribution of electrostatic and magnetic fields the electron wave 
encounters on its path through the thin sample. In the absence of magnetic fields, and 
applying the phase object approximation (POA), i.e. neglecting the curvature of the Ewald 
sphere of the fast electron within the sample, the electrostatic field distribution shifts the 
phase ϕ(r) of the electron wave function (see, e.g.in Fig. 2.1b) according to Eq. 2.8 58     
 
𝜙(𝑥, 𝑦) = 𝐶𝐸𝑉(𝑥, 𝑦)𝑡     Eq. 2. 8 
This phase shift cannot be measured directly, but only the probability density (intensity) 
of the electron wave function, i.e. the square of its amplitude. The amplitude contrast 
observed in TEM images (e.g. Fig. 2.1a) is due to absorption of electrons, scattering outside 
the objective aperture or energy filter window, or their redistribution due to microscope 
aberrations, such as defocus, astigmatism, or spherical aberration. Since the so-called twin 
image problem in in-line holography, an artifact inherent in Gabor’s original linear 
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reconstruction technique using an optical bench, can be overcome by recording more than 
just one in-line hologram and let computer programs solve the full non-linear set of 
equations (see e.g.25).  
It has been shown that in-line holography can use the recorded signal more efficiently 
than its off-axis counterpart,50 which is why this method was chosen for the current 
investigation.  
Once the phase shift of the electron wave function has been reconstructed, the charge 
density is calculated by taking the Laplacian of the electrostatic potential according to the 
Poisson equation (eq. 2.9).59 The electric field distribution (Eq.2.10) was calculated by taking 
the gradient of electrostatic potential 17 which was derived according to eq. 2.9.   
−∆𝑉(𝑥, 𝑦) =  
𝜌(𝑥,𝑦)
𝜀0𝜀𝑟(𝑥,𝑦)
      Eq. 2. 9 
 −𝛻𝑉(𝑥, 𝑦) =  𝐸(𝑥, 𝑦)      Eq. 2. 10 
2.1.2.  Method and Experimental Procedure 
The Bi2Se3 single crystal which was prepared by the Vertical Bridgman Method,60 was 
cut perpendicular to the basal plane (the quintupels’ stacking direction is (110), via 
utramicrotomy. While cutting the sample a diamond knife, was used at a 35° angle, at high 
speed and without oscillation. Then, it was investigated with the 200 kV Sub-Electron-Volt-
Sub-Angstrom- Microscope (SESAM)61 (Carl Zeiss NTS, Germany). The in-column Mandoline 
filter was used for elimination of inelastically scattered electrons using an 8 eV energy slit 
and an illumination angle of 30 µrad.  
For the in-line holography experiment a focal series with a non-linear defocus 
increments was acquired on a 2048 X 2048 pixel (Gatan UltraScan 1000, USA) CCD camera 
using the “FRWR tools” plug-in62 for Digital Micrograph which fully automates the 
acquisition and also compensates for specimen drift during the acquisition. The nominal 
defocus values were set according to Δfn = 400 nm*n3, n = … -2, -1, 1, 2 …, in order to 
efficiently sample phase information at both low and high spatial frequencies. Then, the exit 
surface wave function was reconstructed using a flux-preserving wave reconstruction 
algorithm.25,26 This algorithm applies fully non-linear imaging theory, and assumes negligible 
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third or higher order aberrations, an assumption which holds very well for aberration-
corrected microscopes or when using a small objective aperture (3.2 mrad) as used in the 
experiments. For the reconstruction, the MTF has not been taken into account.  
To determine the mean thickness, which is necessary to calculate the electrostatic 
potential from the phase shift, a thickness map was recorded using the in-column Mandoline 
filter with an 8 eV slit width and 2 sec. exposure time at 1x1 binning.  
Finally, using eq. 2.8 the electrostatic potential is obtained by dividing the phase image 
by the local thickness and CE. 
2.1.3.  Results and Discussion  
The reconstructed amplitude and phase images using the FPWR algorithm are shown in 
Figure 2.1. The M value, which is a measurement of mismatch between the simulated and 
the experimental images, calculated as 0.04 according to Eq. 2.7, which is <0.1, indicating a 
reliable reconstruction. Figure 2.2 shows both experimental and simulated images of the 
reconstructed wave function across a defocus value range of -10 / 10 µm. At each defocus, 
the consistency between experimental and simulated images is another sign of success of 
the reconstruction, in addition to theM value.  
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Figure 2. 1. Phase shift as a result of potential change: a) TEM bright field image of the Bi2Se3 in the vacuum. 
b) Phase difference map of the same area M = 0.044. c) Thickness variation map. d) The thickness profiles 
which are shown with boxes in c.  
In order to calculate the mean inner potential, the phase map must be divided by the 
thickness and the energy dependent constant CE=0.026 1/nmV (at an accelerating voltage 
of 200 kV), as given in eq. 2.8. For this purpose, the EFTEM thickness map, which is actually 
t/λIMP map (λIMP is the inelastic mean free path), shown in Figure 2.1c was recorded.  
Unfortunately, an exact match between thickness and phase map is impossible, not only 
because of the differences in conditions, but also because the features at the edges in the 
thickness map, to increase nearly 20 %. One possible interpretation of this strong increase 
can be the excitation of surface plasmons, which locally increases the fraction of electrons 
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undergoing inelastic scattering, thus decreases λIMP and therefore increases t/λIMP, along the 
conducting surface of the sample.  
Furthermore, the bright field image (Fig. 2.1a), apart from the bending contrast, looks 
homogeneous which indicates that the physical specimen thickness is indeed homogeneous 
around the sample edge, and there is no abrupt increase except at the edges. In the 
thickness map, there is high diffraction contrast in some regions (Fig. 2.1c-d) which were 
caused by bending of the sample. For this reason, the average thickness of the homogenous 
areas was used in division which netuarly increases the errors.  
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Figure 2. 2 a) Experimental images acquired in the focus range between -36.6 to 17µm. b) Simulated images 
using the reconstructed wave function. Final M value, the measure of mismatch between measured and 
calculated images, is 0.044 which is caused by the artifacts seen in simulated images.  
   22 
The derived mean inner potential from the phase map was used for calculating the 
charge density distributions. As shown in eq. 2.9, the mean inner potential is a function of 
charge density and dielectric constant (function) of the materials. The Laplacian of the phase 
map and the profiles for basal and transverse plane are presented in Fig. 2.3. The charge 
distribution values in Table 2.1 were calculated from the profiles in Fig. 2.3, c and d under 
the assumption of fixed dielectric constants for the bulk and surface63 and the thicknesses 
are also given in Fig. 2 c, d profiles. At the basal surface extra and unbalanced positive 
charges were observed in comparison to the distribution of the charges around the 
amorphous layer just outside of the Bi2Se3 edge and the transverse direction. The sum of 
the charges on both sides of the amorphous layer and the basal direction are zero. On the 
contrary, the (110) surface behaves differently, with more positive charges accumulating 
inside the material across a shorter range compared to the negative charges. This behavior 
of the (110) surface was observed several times in many samples which were prepared from 
different areas of the Bi2Se3 crystals. Eventually, from the Laplacian of mean inner potential, 
it was not possible to observe a 2DEG. However, it is known that in semiconductors, the free 
carrier concentration is low and this may cause a longer screening length.22 Large screening 
lengths in a low carrier density system can be the explanation of this behavior. Furthermore, 
since charge neutrality has to be conserved in the material, there must be the same amount 
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Figure 2. 3. Possible real space charge distribution of the 2DEG in Bi2Se3 a) Laplacian of the phase map. b) 
Schematic view of the Laplacian of mean inner potential (charge distribution). c) Thickness variation and 
Laplacian of mean inner potential in basal plane. d) Thickness variation and Laplacian of mean inner potential 
in transverse direction. The dashed line shows where the Bi2Se3 surface starts. 
Although the charges couldn’t be observed directly in the charge density map, they 
create an electric field and this electric field can help with understanding the charge 
distribution. For this purpose, the calculated mean inner potential from the phase map was 
used to derive the electrical field (Fig. 2.4) according to eq. 2.10. Fig. 2.4b shows an extreme 
increment of the field at the surface. This can be attributed to not only the change of the 
electric field but also the absence of low spatial frequencies which cannot be fully covered 
by in-line holography. This problem (abrupt thickness increase) can be solved by subtracting 
of a Gaussian function and also subtracting the electric field function. The Gaussian width 
was taken to be 1 nm by considering the objective aperture. However, this subtraction was 
still not enough to explain the behavior of the positive charges on (011) surface of Bi2Se3 
because the electric field which was obtained is still the sum of the all charge effect. Based 
on the requirement of charge neutrality effect, the positive changes were tried to 
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deconvoluted from the electrical field. Then the potential was replotted starting from the 
Bi2Se3 edge, and ~ 2 nm to the inside the materials showed p type band bending (Fig. 2.4c).   
 
Figure 2. 4. Electric field variation: b) Electric field profile of the sample including thickness effects. c) Electric 
field profile of the sample after subtracting a Gaussian background. d) The potential difference of the regions. 
The white box in Fig. 1a) shows the starting point (0 nm) of the profiles and white arrows show the propagation 
direction. 
According to Zhang57 et. al. the number of quintuples, which is the unit cell includes five 
atomic layers (Se-Bi-Se-Bi-Se) alog the c –axis, affects the properties of Bi2Se3. To be able to 
see the effect of the quintuples amount on the mean inner potential, 10 quintuples layer 
Bi2Se3 shown in Figure 2.5 was investigated. Even though, some intensity increase on the 
Laplacian of the phase was observed in 10 quintuples system, this effect is almost 6 times 
lower than the sample shown in figure 2.3a where the amount of quintuples region is higher. 
Furthermore, Fig. 2.5 b also shows the how the Laplacian ( mean inner potential dependent) 
at the first quintuple layers is affected by surface discontinuities.  
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Figure 2. 5. Effect of number of quintuples on the formation of a 2DEG: a) TEM bright field (BF) image of a 
Bi2Se3 particle on top of a carbon film. b) Charge density distribution map calculated with ε0=11363 
(reconstruction M factor is  0.048) c) BF image profile which shows the number of quintuples. d) Charge density 
distribution profile.  
Due to both the electric field and the charge density distribution, the positive charge 
localization at the surface and the p-type band bending can be attributed to the existence 
of a 2DEG. However, missing low spatial frequencies make it impossible to prove its 
existence with certainty. Therefore, two approaches were utilized for the efficient recovery 
of the spatial frequencies with a wider bandwidth; firstly, a new Gradient-Flipping Assisted 
Flux-Preserving Wave Reconstruction (GF-FPWR) algorithm, developed by Prof. Christoph T. 
Koch, was applied for the first time within the scope of this work to recover low spatial 
frequencies more efficiently. Secondly, a new method was developed hybridizing the off-
axis and in-line holography schemes for the recovery of the full range of spatial frequencies. 
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2.2. Full-Resolution High-Contrast Imaging of Phase Objects by 
Gradient-Flipping Assisted Flux-Preserving Wave Reconstruction 
2.2.1.  Introduction  
In in-line electron holography a series of images is recorded at several focal planes above 
and below the plane where the specimen is in focus. If the defocus is small, the interference 
is very local, and the resulting fine Fresnel fringes carry information about high spatial 
frequencies of the phase. At large defocus, limited spatial coherence dampens the Fresnel 
fringe contrast, because the lateral coherence length imposes an upper limit on the distance 
across which interference can occur. Therefore, in-line electron holography is very efficient 
for recovering high spatial frequency phase information. Relative phase information across 
distances longer than the lateral coherence length can be obtained by non-interferometric 
reconstruction algorithms such as the. TIE47 Combining both gives access to both high and 
low spatial frequencies of the phase simultaneously.64 However, using the TIE requires 
knowledge of either the phase or its gradient at the boundary condition of the reconstructed 
area, or assuming that the boundary conditions are periodic. Iterative nonlinear 
reconstruction algorithms, such as those based on the work of Gerchberg and Saxton22 
require much more computing power than solving the TIE under periodic boundary 
conditions or the reconstruction of off-axis holograms.  
The motivation for developing gradient flipping-assisted flux preserving wave 
reconstruction (GF-FPWR) is that in many TEM investigations of non-magnetic and non-
charging specimens the phase in the vacuum areas within the field of view is constant, and 
the slab-geometry of many TEM samples causes the phase to be more or less flat also inside 
large parts of the specimen, at least at medium resolution. This means that the gradient of 
the phase is often quite sparse, especially when excluding the high spatial frequencies.  
In its original application, the charge flipping algorithm was developed for solving crystal 
structures from X-ray diffraction data,65 and is very effective in finding a sparse solution in 
the domain of the charge density by flipping the sign of small values and keeping values 
above a given threshold while enforcing consistency with the measured diffraction 
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intensities. This principle has been adapted to in-line electron holography by inserting a 
phase-modifying procedure every few iterations (e.g. every 3rd iteration) of an iterative 
reconstruction algorithm (the FPWR algorithm25,26 was used for the examples presented 
below), flipping the sign of small values of each of the two components of the gradient of 
the phase and reducing its amplitude. This is implemented by simply multiplying these values 
by a scale factor β slightly larger than -1 e.g. β = -0.97. This operation is only performed 
within the field of view defined by the experimental data. The size of the array defining the 
reconstructed phase is larger than this field of view, in order to accommodate non-periodic 
boundary conditions. While the large array has periodic boundary conditions, the array 
corresponding to the field of view of the experimental data may have any boundary, because 
it lies within the typically 1.5 to 2 times larger array that is reconstructioned with periodic 
boundary conditions.66 Once the small gradients have been flipped, the modified phase is 
obtained by ‘inverting’ the modified gradient ?⃗?′(𝑟) to obtain a new estimate of the phase 
𝜙′(𝑟) which is then further refined by successive iterations of the applied non-linear 
reconstruction algorithm.  
The Fourier transform of the modified phase 𝜙′(?⃗?) is obtained from the modified 
gradient by the following operation: 
𝜙′(?⃗?) = 𝜙(?⃗?)[1 − 𝑒𝑥𝑝(−𝑟𝑐




  Eq. 2. 11 
where rc defines the distance below which the flipping of the gradient will have no effect. 
Dividing by –q2 effectively implements an inverse Laplace operator. At q=0 it simply multiply 
by 0 instead of dividing by it. This can easily be justified by the argument that the absolute 
phase is not a well-defined physical quantity. Multiplying by 0 at spatial frequency q=0 will 
cause the mean of the reconstructed phase to be set to 0. After the reconstruction an offset 
can be subtracted which corresponds to the mean of the phase in the vacuum. This has been 
done for the phase maps shown in the figures below.  
The gradient flipping affects mostly those spatial frequencies of the phase which are 
significantly larger than rc. Since most iterative focal series reconstruction algorithms 
reconstruct primarily the high spatial frequencies of the phase and typically require many 
iterations to affect the low spatial frequencies,66 eq. 2.12 ensures that gradient flipping 
   29 
minimaly affects the convergence of the iterative reconstruction algorithm. It may even help 
to speed up convergence, especially when large areas of the phase are flat, e.g. 
nanoparticles on a homogeneous support or if the field of view contains large areas of empty 
space. 
2.2.2. Method and Experimental Procedure  
In order to demonstrate the gradient-flipping assisted flux preserving wave 
reconstruction (GF-FPWR) algorithm, off-axis and in-line electron holography experiments 
were carried out for different samples: MgO cubes (Fig. 2.6a) a material commonly used for 
electron holography studies,67,68 and core-shell nano-catalyst particles consisting of carbon 
nano-spheres with iron cores (Fig. 2.6b). The core-shell particles have fine features in the 
0.5 and 0.8 nm range. This helps to test the applicability of the method for a wide range of 
spatial frequencies. The carbon layers are buckled, and display clear phase contrast.  
 
Figure 2. 6 Brigth field image of a) MgO cubes, b) Fe core C shell particles. 
The off-axis holograms and focal series were acquired using an FEI Titan 80–300 TEM 
equipped with two electron biprisms and a Gatan imaging filter equipped with a 2048 × 2048 
pixel CCD camera. The experiment was performed at an accelerating voltage of 300 kV.  
When performing off-axis electron holography on the MgO nanocubes the biprism 
voltage was set to 80.5 V (0.45 nm fringe spacing) and for the C-Fe nanoparticles to 139 V 
(0.53 nm fringe spacing). The Holografree69 software is used for the off-axis  electron 
holography reconstructions. For both off-axis and in-line electron holography, a 10 eV 
energy selecting slit was inserted and centered on the zero-loss peak during the experiment, 
to reduce the contribution of inelastically scattered electrons.  
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The focal series was acquired from the same area using the FWRWtools62 plugin for 
Digital Micrograph which fully automates the acquisition and also compensates for 
specimen drift during acquisition. The nominal defocus values were set according to the 
formula Δfn = 400 nm ×|n|pn/|n|, (where n=… -2, -1, 0, 1, 2 …). If p=2 or p=3 the phase 
information can be sampled very efficiently for both low and high spatial frequencies.66 For 
the MgO cubes, the defocus values are between -260 and 330 nm, with 40 nm defocus steps 
at linear increments (p=1) and for the C-Fe nanoparticles the defocus values vary between  
-3.6 to 3.6 µm, again with linear increments (p=1)  and a defocus step of 600 nm. As 
described above, the exit surface wave functions were reconstructed using the flux-
preserving wave reconstruction algorithm25,26 combined with gradient flipping (GF-FPWR).  
2.2.3.  Results and Discussion 
Figure 2.7 displays the phase results obtained from the MgO cubes by the conventional 
in-line holography reconstruction algorithm (Fig. 2.7 a), the same algorithm combined with 
gradient-flipping (Fig. 2.7 b), and off-axis holography (Fig. 2.7 c). The phase obtained using 
the conventional in-line reconstruction algorithm varies between approximately -2 to 6 
which is about 50 percent lower than the phase recovered by off-axis holography. Also a 
phase shift of -2π was observed (see phase profile shown in Fig. 2.7d) in the vacuum area 
just outside the specimen. This originates from missing low spatial frequencies in the phase 
information. Fig. 2.7b shows that gradient flipping prevents artifacts at the edges and gives 
a homogeneous background. Also, when comparing Figures 2.7b and 2.7c, the agreement is 
rather good. The remaining difference between the off-axis and GF-FPWR result of about 
20% may be attributed to imperfect energy filtering during the acquisition of the focal series.  
Another way to show the missing frequencies in the in-line reconstruction result is a 
power spectrum analysis. The most common way to perform a power spectrum analysis is 
by taking the radial average of the Fourier transform of an image. In this way, the amount 
of information transfer is obtained from the distrubiton of the signal as a function of 
frequency. 
The power spectrum shown in Fig. 2.7e highlights the differences in information 
transfer of the three results. Although, the field of views are identical, the phase resolution 
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of the in-line electron holography reconstructions is 0.34 nm where the off-axis holography 
has 1.2 nm since a small reciprocal space mask had to be applied when reconstructing the 
exit wave from the off-axis data. Additionally, the power spectrum shows that the GF-FPWR 
algorithm recovers reliable information across distances of up to 80 nm, while the FPWR-
reconstruction is only reliable across distances up to about 30 nm. Phase differences across 
distances larger than this could not be recovered by these in-line holography reconstruction 
algorithms.  
 
Figure 2. 7 Phase images of MgO cubes which are reconstructed by a) FPWR b) GF-FPWR and c) off-axis electron 
holography. d) Line profiles extracted from the 3 different phase reconstructions e) Radially averaged power 
spectra of the three phase maps.    
Although the GF-FPWR reconstruction algorithm did not recover phase differences 
across very large distances, this example shows that the result of the conventional 
reconstruction algorithm could be improved, since the artifacts at the edges of the field of 
view have been reduced, and the reconstructed phase looks much closer to the result 
obtained by off-axis holography, while retaining superior spatial resolution. This may help to 
measure quantities like mean inner potentials and charge densities more reliably.  
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The second example, the Fe core C shell particles, leads to a similar conclusion similar 
to the MgO cube reconstruction. The reconstructed phase maps obtained using 
conventional in-line (FPWR) reconstruction, GF-FPWR, and off-axis electron holography are 
shown in Figs. 2.8a, b and c, respectively. The conventional FPWR algorithm recovers phase 
differences up to π, whereas according to the off-axis reconstruction the phase should span 
a range of ~4π. While the FPWR reconstruction recovers phase differences of only ~77% of 
the range obtained by off-axis holography, this discrepancy reduces to ~44% when applying 
the GF-FPWR technique. Again, artifacts at the edges, visible in the conventional FPWR 
reconstruction in Fig. 2.8d (red line), were reduced by gradient flipping. However, the profile 
taken from the GF-FPWR reconstruction shows an offset in the phase within the vacuum 
region on the two opposite sides of the core-shell particle. This problem arises because the 
two vacuum regions are not connected. In Fig. 2.8e, the power spectra of the three 
reconstruction schemes is shown, confirming that the low spatial frequency information 
obtained usinf the proposed GF-FPWR algorithm is much closer to that of off-axis 
holography than the FPWR result. 
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Figure 2. 8 Phase images of Fe shell C nanospheres which is reconstructed by a) FPWR b) GF-FPWR and c) off-
axis electron holography d) Phase line profiles e) Power spectrum analysis.     
As mentioned before, the rc in equation 1, defines the spatial frequency above which the 
gradient flipping is active. Figure 4 summarizes the effect of rc, by presenting phase images 
and profiles reconstructed with different rc values from Fe-core C-shell particles. Initially, 
increasing rc improved the contrast in phase proportionally. So, figures 4 a to d show that 
the lowest contrast recovery was obtained at rc = 5 nm. The highest phase contrast was 
obtained when rc was set to 25 nm (Fig. 2.9. g). Setting rc too high does not improve the 
contrast anymore. On the contrary, this indicates the reconstruction proceeds as if no 
gradient flipping was applied. As an example, at low magnifications the main phase shift 
contribution comes from the thickness of the specimen, so if the rc were set to a value much 
higher than the average specimen thickness, the algorithm proceeds as the conventional 
FPWR since the gradient flipping has been allowed only at very low spatial frequencies. This 
is why we start to observe dark features around the particle in Fig. 4f when very high 
threshold values were applied similar to Fig. 3a where reconstruction was carried out using 
conventional FPWR reconstruction. Moreover, the M value defined in equation 2.7, which 
measures the mismatch between experimental and simulated images during the 
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reconstruction, possesses the smallest value also at rc = 25 nm. Figure 2.9h shows how the 
M values decrease with increasing rc until 25 nm then increase again. Minimum mismatch 
(M) is obtained also for the highest contrast case. Furthermore, the sample shown in Fig. 2.9 
includes two different vacuum regions which are not connected to each other. Both sides of 
the particle should have the same phase shift in the region where the particle mean inner 
potential become zero. However, the phase profiles shown in figure 2.9i have different 
phase values on the two sides of the particle. Two separate vacuum regions create two 
different boundary conditions, causing different phase offsets. We observe minimum phase 
offset differences again in the case of the minimum M and the highest contrast was achieved 
when rc is 25 nm. 
 
Figure 2. 9 Phase images of Fe shell C nanospheres which are reconstructed with a) 5 nm b) 10 nm c) 15 nm d) 
20 nm e) 30 nm f) 40 nm g ) 25 nm threshold values, h) threshold vs M value (the amount of mismatch between 
simulated and experimental images), i) line profiles of images a to g from the selected region shown in a).   
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3. Hybridization Approach to In-Line and Off-Axis (Electron) 
Holography for Superior Resolution and Phase Sensitivity 
3.1.  Introduction 
Holography was proposed by Denis Gabor in 1948 “to offer a way around” the 
resolution-limiting spherical aberration of the TEM.3 As a result of the development of the 
laser, the importance of holography as a technique for measuring both the amplitude and 
the phase of a wavefunction was soon realized and Denis Gabor was subsequently awarded 
the Nobel Prize in 1971.70 In the TEM, holography is now used not only to correct microscope 
aberrations,71 but also to characterize electrostatic potentials,8 charge order,72 electric and 
magnetic fields,10 strain distributions,11,12 semiconductor dopant distributions13 and 
unstained biological specimens,73 in each case with nanometer, sub-nanometer or even sub-
Ångström spatial resolution. When examining biological or in general soft materials that 
contain primarily light elements, most structural information is carried in the phase of the 
elastically scattered wavefunction. However, such specimens are often beam-sensitive and 
require great care with regard to electron dose, as the ratio of inelastic (damaging) to elastic 
scattering events is high. It is therefore important to develop low-dose techniques for 
measuring the phase of electron wavefunctions quantitatively. Furthermore, investigating 
ordinary specimens over the full spatial frequency range with high resolution and high 
sensitivity is very challenging. 
Holography, i.e., coherent wavefront reconstruction, can be performed using a wide 
variety of experimental setups. For electron holography alone, Cowley identified 20 
independent forms,35 of which the two most widely used modes are off-axis and in-line 
electron holography. Off-axis electron holography was pioneered by Möllenstedt and 
Düker21 and is based on the use of an electrostatic biprism, which usually takes the form of 
a charged wire placed in the electron beam path, as illustrated in Fig. 3.1a. The biprism is 
used to produce a fine interference fringe pattern, from which the complex wavefunction 
of the fast electron can be reconstructed using either linear algebra74 or an optical bench.75 
In-line electron holography (see illustration in Fig. 3.1b),3,76 which is also referred to as focal 
series reconstruction, works also at much lower degrees of spatial coherence than off-axis 
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holography, but requires the use of a computational algorithm to solve a non-linear25,41,77 
or, in some cases, approximated linear39,78 set of equations. These equations relate the 
complex electron wavefunction Ψ(r) to image intensities I(r,Δf) that are usually recorded at 
multiple planes of focus each characterized by its defocus Δf from the reference focus, at 
which the wavefunction is to be recovered. Off-axis electron holography has good phase 
sensitivity at low spatial frequencies, whereas either a large defocus range,26,79 or variable 
defocus steps (as recently published by Haigh et al80), or model-based approaches81,82 must 
be used to approach faithful reconstruction of low spatial frequency phase information using 
in-line electron holography. At high spatial frequencies, both the spatial resolution and the 
phase sensitivity of in-line electron holography are higher than those of its off-axis 
counterpart for the same field of view and electron dose.50,26 
 
Figure 3. 1 Schematic view of microscope setups: (a) off-axis and (b) in-line holography. (c) Shows how the in-
line data can be acquired immediately after switching off the biprism, in a fully automated fashion by simply 
shifting the image. (d) Shows how the data has been acquired for the present work: the biprism was retracted, 
and the sample was slightly shifted to allow investigation of identical specimen areas by both methods. 
Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 2014. 
Off-axis and in-line electron holography require very different optical setups for 
optimum performance and are highly complementary.26,50,51,73 For maximum phase 
sensitivity, off-axis electron holography is typically performed with highly elliptical 
illumination (Fig. 3.1a) (ellipticity ratios of ξ=30 are common), whereas in-line electron 
holography is usually performed with isotropic spatial coherence (Fig. 3.1b). While high-
frequency phase information is encoded very efficiently in in-line electron holograms,50 
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experiments that aim at the reconstruction of low spatial frequency phase information are 
much more reliable (and quantitative even when using a low electron dose) when carried 
out using off-axis electron holography. Because of its need for highly coherent illumination, 
electron dose rates in off-axis electron holography are typically low and exposure times are 
very similar to the total exposure time of a focal series acquired for in-line holography. These 
fundamental differences between the two methods result from how phase information is 
encoded. While the off-axis setup encodes all spatial frequencies equally strong (with a 
decrease in signal to noise ratio at higher frequencies), the phase sensitivity of in-line 
electron holograms is proportional to the spatial frequency squared (~|q|2), i.e., it is low 
across long distances and higher for very fine details. For applications such as the 
measurement of magnetic fields, dopant distributions or concentrations of oxygen vacancies 
in oxides,84 good phase sensitivity over the full range of spatial frequencies is required. 
Here, an experimentally simple approach that combines in-line and off-axis electron 
holography and takes full advantage of their complementarity is presented, allowing a phase 
signal to be obtained with excellent signal-to-noise properties over all spatial frequencies. It 
also serves as a model for other holography applications at X-ray, microwave, radio, 
ultraviolet, visible optical wavelengths85-91 etc., where shortcomings like the ones described 
above are observed due to the usage of either the in-line or the off-axis setup. The 
performance of the method is demonstrated by the investigation of iron-filled multi-walled 
carbon nano-onions. Off-axis and in-line electron holography experiments are carried out 
on the same region of the same sample with the same illumination conditions, allowing 
profiles of the projected electrostatic potential across individual particles to be determined 
quantitatively. 
3.2.  Methods and Experimental Procedure 
In off-axis electron holography, the electrostatic biprism attracts the spatially coherent 
electron wave function on either side of it towards the optic axis of the microscope, thereby 
introducing a relative wavevector qc between an object wave and a reference wave. The 
reference wave, which is usually part of the electron wavefunction that has not been 
scattered by the object, can often be regarded simply as a tilted plane wave. The Fourier 
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transform of the resulting interference pattern, which corresponds to the sum of an object 
wave e2πi𝑞𝑐.𝑟 ×  𝐴(𝑟). ei𝜙(𝑟) and a reference wave e−2πi𝑞𝑐.𝑟, is given by the Eq. 1.15.74  
 As shown in Fig. 3.1a, in order to achieve the necessarily very high spatial coherence 
perpendicular to the electrostatic biprism required for off-axis holography, the illumination 
is setup to be highly elliptical.  The degree of ellipticity is defined by the number ξ, which is 
simply the ratio of the illumination convergence angles for the short and long axis of the 
ellipse. If the shear qc is large enough, then the sidebands are separated from the central 
band in reciprocal space and a simple inverse Fourier transform of one of the sidebands 
yields the reconstructed wave function. Since only a relatively small part of the data is used 
for reconstruction, the resolution is at least 3-4 times lower than that of the recorded data 
set. 
Nano-catalyst particles with a core-shell structure, consisting of carbon nano-spheres 
with iron cores, were selected as a test material to assess the limits of the method. The core-
shell particles have fine feature sizes between 0.5 and 0.8 nm since the carbon phase is only 
partially crystalline. The carbon layers are buckled, and display clear phase contrast. This 
sample therefore works very well as a test object for assessing the spatial resolution of the 
method. In order to combine the two methods, an off-axis hologram and a focal series were 
recorded from the same area using an FEI Titan 80-300 TEM equipped with two electron 
biprisms and a Gatan imaging filter with a 2048×2048 pixel CCD camera. The experiment 
was carried out at an acceleration voltage of 300 kV. For this experiment both off-axis and 
in-line acquisitions were done using round illumination conditions having inserted a 30 µm 
objective aperture. First the off-axis electron hologram was acquired using a biprism voltage 
of 89.4 V (0.38 nm fringe spacing) to obtain an optimum field of view and resolution and a 
20 s exposure time. Then, the biprism was turned off and retracted from the beam.  The 
sample was shifted to bring the same area of interest back on the detector and a focal series 
was acquired from the same area using the “FWRWtools”62 plugin, applying linear defocus 
increments with a 90 nm defocus step size. The illumination conditions were not changed 
between the off-axis and in-line holography data acquisitions (Fig. 3.1c). At each defocus, an 
image was acquired using a 3 s exposure time. The objective lens was used for changing the 
focus, following assumptions that are explained elsewhere.18 For both off-axis and in-line 
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electron holography, zero-loss filtering, employing a 10 eV energy-selecting slit was used, in 
order to reduce the contribution of inelastically scattered electrons. 
Reconstruction of the off-axis electron hologram was performed using the 
HolograFREE69 software. For in-line and hybrid reconstruction, a flux preserving non-linear 
in-line holography reconstruction algorithm25,26 was used. This method takes into account 
the modulation transfer function (MTF) of the CCD camera (whose effect is shown in 
Fig. 3.2), as well as partial spatial coherence and defocus-induced image distortions. The 
algorithm also refines experimental parameters such as defocus and the illumination 
convergence angle. In order to combine the two methods, the same region of interest that 
was selected for in-line electron holography was aligned with the amplitude images obtained 
from the off-axis reconstruction. Then, the in-line reconstruction algorithm was re-run, 
starting from the off-axis amplitude and (unwrapped) phase, refining the imaging 
parameters that were fitted during the first in-line reconstruction. Since the phase and 
amplitude that were obtained from the off-axis data were also used for an initial guess using 
the hybrid method, the same illumination conditions were assumed for the off-axis and in-
line data. The thickness measurement required for determining the mean inner potential 
was obtained by energy filtered TEM (EFTEM) thickness mapping, with mean free paths 
calculated using David Mitchell’s mean free path estimator script.92 In the region at the 
center of the particle, where both iron (Fe) and carbon (C) are present, a mean free path of 
183.3 nm was assumed. This value was calculated according to the volume ratio of Fe to C, 
for which the Fe core was assumed to be spherical with a radius of 7.5 nm and the particle 
radius was assumed to have a measured value of 22.5 nm. For the C shell region, a mean 
free path of 188.3 nm was used. 
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Figure 3. 2. Illustration of the effect on the phase profile of taking the MTF of the CCD camera into account. 
Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 2014. 
3.3.  Results and Discussions  
 In order to allow experimental conditions optimized for off-axis holography to be 
applied also for the in-line holography experiment, several approaches are possible, two of 
which are illustrated in Figs. 3.1c and 3.1d. In Fig. 1c the electrostatic biprism is left within 
the path of the electron beam, but the image shift coils are used to shift the area of the 
sample that has previously been investigated by off-axis holography on the detector.  Since 
the image shift required for this is directly proportional to the biprism voltage that has been 
applied for the off-axis experiment, this procedure can easily be implemented in a fully 
automated fashion. For the proof-of-principle experiments presented below first the biprism 
has been removed, and then mechanically shifted the specimen, so that the area of interest 
was again visible on the detector (Fig. 3.1d). Since our simulations have shown that the 
relative benefit of combining in-line and off-axis holography is independent of the 
illumination ellipticity (see Fig. 3.5i-k), ξ=1 was set in the experiments presented below.   
Figure 3.3 shows an outline of the algorithm, illustrating the deterministic nature of 
linear off-axis electron holography reconstruction and the iterative nature of the refinement 
algorithm employed for in-line electron holography reconstruction. It is a general feature of 
most iterative in-line electron holography reconstruction algorithms that the very strongly 
encoded high-frequency details of the phase of the wavefunction are reconstructed first, 
before slowly varying features in the phase are recovered.85 In the presence of noise and 
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residual inelastic scattering contributions to the experimental intensity measurements, the 
latter features may not be recovered at all. Fortunately, the refinement of experimental 
parameters and image registration is most sensitive to the accuracy with which high-
frequency details have been estimated.  It is therefore possible to first refine these details 
from a set of defocused images, using an empty phase map as a starting guess. During this 
process, the focal series can be aligned and the experimental parameters can be refined. 
The resulting estimate of the wavefunction can then simply be replaced with that recovered 
from an off-axis electron hologram and further refined by making it consistent with all in-
line holograms. More specifically, the complete unwrapped phase and amplitude are 
imported separately, without applying any filtering for a specific frequency range. Since the 
iterative in-line reconstruction algorithm ensures that both the phase and the amplitude are 
consistent with the images in the focal series, the phase signal at low spatial frequencies is 
not affected significantly if only a few iterations are performed.66 This procedure effectively 
extends the spatial resolution of the wavefunction obtained using off-axis electron 
holography, improves its signal to noise and removes the Fresnel fringes originating from 
the edges of the biprism. 
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Figure 3. 3. Schematic outline of the wave reconstruction algorithm used in the present work. Reprinted from 
Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 2014. 
Figure 3.4 illustrates results obtained by applying both off-axis and in-line electron 
holography alone and the combined (hybrid) approach to a sample of iron-filled multi-walled 
carbon nano-onions.  
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Figure 3. 4. Comparison of results obtained from a sample  of iron-filled multi-walled carbon nano-onions using 
three methods: top row (a, d, g) amplitudes; middle row (b, e, h) phases; bottom row (c, f, i) amplitude and 
background-subtracted phase profiles; left column (a, b, c) off-axis holography method; middle column (d, e, 
f) in-line holography method; right column (g, h, i) hybrid holography method. Reprinted from Ozsoy-
Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 2014. 
The noise level in the wavefunction obtained using off-axis electron holography alone, 
which is much higher in both amplitude and phase (Figs. 3.4 a-c) than that obtained using 
either the in-line or the hybrid method, results in part from the fact that highly elliptical 
illumination (which is normally employed for off-axis electron holography but has only a very 
subtle effect on the signal-to-noise properties of in-line holograms) was not used in the 
present study. The application of in-line electron holography alone can be seen to 
reconstruct the amplitude well. However, ringing artifacts, which are not present in the off-
axis reconstruction, are visible near sharp edges in the phase of the wavefunction 
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(Figs 3.4 d,f). The missing low spatial frequencies when using in-line electron holography can 
also be seen in a power spectrum generated from the reconstructed wavefunction (see 
below).93,94 Figure 3.4 shows that, when the two methods are combined, the spatial 
frequencies that are missing from the in-line electron holography result are recovered, while 
the higher resolution of the in-line approach is retained. The amplitude image is also 
improved, including the elimination of biprism fringes inherent in the off-axis technique. 
These results are also supported by the reconstructions from simulated data shown in  
Figure 3.5. Due to the ability to directly compare the reconstructed phase images with the 
phase put into the simulations, the effectiveness of the hybrid approach can be verified in a 
very quantitative manner (see also Figs. 3.5i, 3.5k, and 3.5l). These simulations also allowed 
us to keep the electron dose exactly the same for all three techniques and easily test for the 
effect of changing the ellipticity of the illumination and verify that the hybrid approach 
presented here works very well at any (experimentally realizable) value of ξ. Moreover, it 
clearly shows that the signal-to-noise properties of the phase image recovered by the hybrid 
approach is superior to both off-axis and in-line holography, individually, assuming exactly 
the same electron dose in all three cases. 
 
   45 
 
Figure 3. 5. Simulations: Comparison of noise and resolution of phase maps reconstructed from different 
simulated data sets with noise properties corresponding to equal total exposure times and electron doses.  (a) 
The original, noise-free phase map (0 ≤ φ(r) ≤ 0.9) used for simulating off-axis and in-line holograms.  The red 
square indicates the area from which the figures (e) - (h) have been extracted, in each case from the phase 
map immediately above it. (b) Off-axis holography reconstruction for an exposure time of 0.4s, (c) In-line 
holography reconstruction from 7 equally long exposed images with a total exposure time of 0.4 s. (d) Hybrid 
(off-axis + in-line) reconstruction.  Exposure time for the initial off-axis hologram: 0.1 s and for the complete 
focal series: 0.3 s. (i) Plot of the square root of the azimuthally averaged power spectrum of the difference 
between reconstruction and original, i.e. √mean (|𝑭𝑻[𝝓𝒓𝒆𝒄 − 𝝓𝒐𝒓𝒊𝒈]|
𝟐
(𝒒)) for the cases (b), (c), and (d), as 
well as for the initial off-axis reconstruction used as a starting guess for the hybrid approach.  The simulated 
data from which these reconstructions were done are shown in Fig. 3.6, along with a detailed description of 
the assumed acquisition parameters. (k) and (l), same as (i), but for elliptical illumination conditions. Reprinted 
from Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 2014.* 
* Simulation in Fig. 3.5 was carried out by Christoph T. Koch 
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Figure 3. 6. The effect of exposure time: Simulated 80 kV off-axis and in-line holography data used to recover 
the phase images shown in Fig. 3.4. Poisson noise has been added in order to simulate the effect of finite 
exposure time. Round illumination (ξ=1), a source brightness of β = 2∙108 Acm-2sr-1, a pixel size of 0.1 nm, and 
a field of view of 80 nm have been assumed.  (a) Off-axis hologram simulated for an exposure time of 0.4 s. 
The shear distance xShear was equal to the field of view, and an optimized illumination semi-convergence angle 
of  α = λ/(√2 πxShear )  = 11.7µrad was assumed [4]. Fresnel fringes due to the biprism have not been 
simulated. (b) Fourier transform of (a). (c) and (d) Off-axis hologram and fast Fourier transform (FFT) for an 
exposure time of 0.1 s. The green circles in (b) and (d) indicate the size and position of the numerical aperture 
used to reconstruct the wavefunction.  (e), (f), (g), (i), (k), (l), and (m) show the in-line holograms simulated for 
the indicated planes of focus and exposure times of 0.043 s, adding up to a total of 0.3 s for the complete 
series. The illumination conditions were chosen identical to those used for the off-axis simulation. (h) Round 
illumination (ξ=1) and a high spatial coherence (the small ξ specified above) were assumed, in agreement with 
the experiment. Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, 
copyright 2014.* 
Moving now back to the experimental data, Figure 3.7 shows power spectra generated 
from the three sets of experimental results, which illustrate the deficiency in information 
transfer in the phase obtained using in-line electron holography (Fig. 3.7a) up to a spatial 
frequency of about 0.1 nm-1. Figure 3.7b shows that the amplitudes reconstructed using the 
* Simulation in Fig. 3.6 was carried out by Christoph T. Koch 
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in-line and hybrid methods are much less noisy than those reconstructed using off-axis 
electron holography (see also Fig. 3.8). The limited spatial resolution in the off-axis 
reconstruction is a result of an effective scattering angle limiting aperture applied during 
reconstruction. Using round, instead of elliptical illumination, the noise of the off-axis 
reconstruction is very high, despite an exposure time of 10 s. The experimental data 
confirms our simulations in that at lower spatial frequencies the reconstructed phase is 
much more reliable if it is obtained using off-axis electron holography, whereas at higher 
spatial frequencies in-line electron holography provides the same information but with 
much less noise. The power spectrum of the phase obtained using the hybrid method shows 
a good match to that from the off-axis reconstruction at lower spatial frequencies (up to 
~ 0.2 nm-1), while above this frequency it converges to the power spectrum obtained using 
in-line electron holography (Fig. 3.7 a,k). 
Figure 3.7 (g-k) show how the low spatial frequency information that is missing in results 
obtained using in-line electron holography is recovered when using the hybrid approach. 
The horizontal and vertical lines in the power spectra are artifacts resulting from non-
periodic boundaries of the images.  
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Figure 3. 7. Information transfer: The power spectrum of (a) phase, (b) amplitude and (c) complex 
wavefunction plotted as a function of spatial frequency for off-axis (black), in-line (green) and hybrid (blue) 
methods, with enlargements of selected regions shown below. The cut-off resolutions for the off-axis method 
(0.972 nm) and the in-line method (0.405 nm) are marked in (c). (d-f) show FFT of the complex wavefunction 
calculated for the (d) off-axis, (e) in-line and (f) hybrid methods. The shadow of the objective aperture used in 
the microscope is outlined in yellow in (e) and (f), while the red circle shows the cut-off frequency applied 
during reconstruction. (g) and (k) shows the intensity profile selected regions shown in (d-j). Reprinted from 
Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 2014.  
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Figure 3. 8. Band-pass-filtered amplitude images for frequency ranges of (a, b, c) 0–0.1 nm-1;  
(e, f, g) 0.1–1 nm-1; (i, j, k) 1–2.5 nm-1: Top row: off axis electron holography; middle row: in-line electron 
holography; bottom row: hybrid electron holography method. Line profiles generated from the boxes marked 
in red are shown in (d), (h) and (i). Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from Nature 
Publishing Group, copyright 2014. 
Power spectra generated from the complex wavefunction (Figs 3.7 d-f) demonstrate 
that, for the same field of view, the spatial resolution obtained using the in-line and hybrid 
methods is much better than that achieved using off-axis electron holography. In the 
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example shown here, the cut-off resolution (outlined by a dashed red circle) was set to  
0.405 nm for the in-line and hybrid methods. This is slightly larger than the physical objective 
aperture, whose shadow (outlined by a dashed yellow circle) can be seen in Figures 3.7e and 
3.7f. For the off-axis method, the resolution had to be limited to 0.972 nm by the numerical 
aperture size used during reconstruction. In addition to power spectrum analysis profiles 
extracted from the diffractogram also support the information loss in the in-line holography 
phase image, and how much of this has been recovered by the hybrid method (Figs. 3.7g 
and 3.7k). Although magnification and thus the absolute aperture sizes can be increased, 
this will also cause an increase in noise, and the resolution ratio of the two techniques will 
remain similar if the same number of detector pixels is used for both methods. There are 
two main advantages of combining the in-line and off-axis methods: an increase in spatial 
resolution and a decrease in noise over the full range of spatial frequencies. For off-axis 
holography, the interference fringe spacing limits the maximum numerical aperture size that 
can be chosen during reconstruction. For a given illumination ellipticity, source brightness 
and exposure time, the fringe spacing cannot be decreased without increasing the noise. For 
the in-line and hybrid methods, the physical objective aperture size can be increased up to 
the information limit. In Figure 3.9 and Table 3.1, a comparison of the reconstruction 
methods is presented for different frequency ranges of the phase images. A similar 
comparison is shown in Fig.3.8 for the amplitude images. In Figure 3.9, phase images filtered 
over three different spatial frequency ranges are shown for each of the three techniques, 
alongside profiles taken from areas marked by red boxes. The profiles illustrate the fact that 
the hybrid method matches the off-axis result at lower spatial frequencies (Figs 3.9 a-d) and 
the in-line result at higher spatial frequencies (Figs 3.9 e-h) and all show a good match in the 
intermediate frequency range (Figs 3.9 i-l). From Table 3.1, it is apparent that for full and 
medium spatial frequency ranges (0.1-1 nm-1) the noise in the phase, estimated in the 
vacuum region where we expect the true phase to be flat, is approximately 4 times lower 
when using the hybrid method than for off-axis holography. The approximately 4 times 
lower noise in the phase presented in Table 3.1 confirms that the hybrid method has better 
noise properties than off-axis electron holography alone, promising an improvement in the 
reliability of quantitative holography-based experiments that are aimed at mapping electric 
and magnetic fields, charge distributions and strain. 
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Table 4. 1 Noise levels (standard deviations) of reconstructed phase and amplitude measured in the vacuum 
region. Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing Group, copyright 
2014.  
  Frequency range (nm
−1) 
 Method 0-0.1 0.1-1 1-2.5 Full range 
Phase 
(rad) 








Hybrid 0.006 0.012 0.006 0.026 
Amplitude 
Off-axis 0.158 3.796 - 3.124 
In-line 0.008 0.069 0.096 0.114 
Hybrid 0.006 0.072 0.091 0.115 
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Figure 3. 9. Band-pass-filtered phase images determined for spatial frequency ranges of (a, b, c) 0–0.1 nm-1, 
(e, f, g) 0.1–1 nm-1 and (i, j, k) 1–2.5 nm-1: Top row: off-axis electron holography; middle row: in-line electron 
holography; bottom row: hybrid electron holography methods. Line profiles determined by projecting the 
intensity in the boxes marked in red are shown in (d), (h) and (i). Reprinted from Ozsoy-Keskinbora et. al. 83 
with permission from Nature Publishing Group, copyright 2014. 
In simulations, where the reconstruction can be directly compared with the expected 
result, this comparison is more straight forward, and the standard deviation of the power 
spectra of actual and reconstructed phases, as shown in Figs. 3.5i, 3.5k, and 3.5l can be also 
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quantified. The increase in spatial resolution and simultaneous decrease in noise, despite 
equal total exposure times becomes very obvious when comparing Figs. 3.5b (magnified in 
3.5f) and 3.5d (magnified in 3.5h). 
The mean inner potential of the specimen was obtained as a demonstration of the 
capability of the method by dividing the measured phase by the local specimen thickness 
(Fig. 3.10b), which was measured from an EFTEM thickness map, and by a wavelength-
dependent electron-matter interaction constant. The mean inner potential at the edge of 
the specimen, which consists of carbon, is found to be close to the theoretical value found 
in the literature95 39. The amplitude of the reconstructed wavefunction can also be used to 
obtain a thickness-independent96 mean inner potential image, as shown in Fig. 3.11. The 
main error in determining the mean inner potential is the accuracy with which the local 
specimen thickness can be determined. 
 
Figure 3. 10. Mean inner potential calculated from reconstructed phase image obtained using the hybrid 
method: (a) Original phase image; (b) phase, thickness and calculated mean inner potential profiles from the 
marked region shown in (a). Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from Nature Publishing 
Group, copyright 2014. 
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Figure 3. 11. Top row (a,d,g)  -2ln(An)96,97 calculated for the off-axis, in-line and hybrid methods. Middle raw 
(b,e,h): thickness-independent V0λ96,97images calculated for the of off-axis, in-line and hybrid methods. 
Sections from the boxes marked in red are shown in (f). Reprinted from Ozsoy-Keskinbora et. al. 83 with 
permission from Nature Publishing Group, copyright 2014.  
A further advantage of the hybrid method is its applicability to beam-sensitive 
specimens. Off-axis electron holography has high phase sensitivity at low spatial frequencies, 
requires a short exposure time and imparts a low total electron dose on the specimen since 
it is a single shot method. However, the exposure time needs to be increased to achieve high 
phase sensitivity at higher spatial resolution (Fig. 3.6 a-d). Focal series acquisition schemes 
can be optimized for electron-beam-sensitive samples by first acquiring images at small 
defocus values (for retrieving high spatial frequency information which suffers first from 
potential beam damage) and only then recording images with large defocus values25,26 22 
(Fig.3.6 e-m). Partial spatial coherence of the illuminating electron beam results in strong 
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damping of the fine details of images recorded for large over- or under-focus, making these 
images comparatively insensitive to small structural changes produced by electron 
irradiation. In this way, the data ideally become increasingly insensitive to beam damage 
with increasing electron dose. In the hybrid method, both the off-axis exposure time and the 
number of images in the focal series can be decreased to reduce the electron dose. Although 
beam damage was not an issue in the present work, Fig. 3.12 shows that the hybrid method 
by including in-line holograms recorded at only 3 different planes of focus can recover the 
phase with very low noise and high spatial resolution. However, the recovery of the 
wavefunction from 13 images is better, as can be seen from the correct recovery of the 
shadow of the objective aperture in Figure 3.12f. 
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Figure 3. 12. Illustration of the effect of the number of defocus steps used for the reconstruction: Top row: 
phase images reconstructed using the different numbers of defocus images indicated. Middle row: Fourier 
transforms of the images in the top row. Bottom row: phase profiles obtained from the region marked in red 
in the off-axis phase image shown on the right. Reprinted from Ozsoy-Keskinbora et. al. 83 with permission from 
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3.4.  Conclusions  
 In summary, it has been demonstrated that the major weaknesses of in-line and off-
axis electron holography can be overcome by combining the two techniques, resulting in a 
hybrid method that can be used to reconstruct a complex electron wavefunction with high 
spatial resolution and low noise over all of the spatial frequencies that are collected during 
the experiment, with relaxed experimental requirements for instrumental stability and 
interference fringe spacing. In the example presented here, a full spatial frequency range 
was achieved, providing an improvement over the absence of low spatial frequencies when 
using in-line holography alone. Even though the hybrid technique adds an additional step to 
the experimental procedure and may very slightly increase the noise at very low spatial 
frequencies when compared to off-axis electron holography alone, the total acquisition time 
uses the electron dose more efficiently to recover more of the wavefunction. The same 
overall phase sensitivity and noise level cannot be achieved using off-axis or in-line electron 
holography alone, given the same electron source brightness and exposure time. The 
efficient use of electron dose realized by the hybrid technique offers great potential for 
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4.  Applications of Hybrid Electron Holography: High Resolution  
and Mean Inner Potential Measurements as an Example  
for Strong Phase Objects 
4.1.  Introduction 
Colloidal metal nanoparticles have been used for millennia to color glass.98,99 Different 
sizes of metal particles give rise to different surface plasmon resonances in the optical 
regime. Because of their unique properties and excellent stability,100 gold nanoparticles 
(AuNPs) are among the most widely used and investigated metallic particles. Their noble-
metal properties, high biocompatibility101 and size and shape dependent electronic and 
optical properties102 make AuNPs  very good candidates for applications in catalysis,103,104 
transistor switches,105 cancer research,106,107 biosensing108 and many other areas. In all of 
these applications, not only the sizes, shapes and structures of the nanoparticles, but also 
the presence of impurities and details of the electronic structure of both the bulk material 
and the nanoparticle surfaces are of high importance.  
When investigating the atomic structures of nanoparticles, high-resolution TEM 
(HRTEM) is a widely applied method, in particular for the direct observation of surface 
structures, defects and interfaces,109-111 for which methods such as X-ray and neutron 
diffraction lack spatial resolution and single atom sensitivity. Even though a single HRTEM 
image may already provide valuable information about the atomic arrangement in a given 
sample, the information that it contains is either missing the phase of the electron wave (in 
an aberration-corrected HRTEM image) or it contains delocalized information that is not 
directly interpretable (if the image is not aberration-corrected and/or defocused). In both 
cases, only part of the information about the electron wave that has passed through the 
specimen is measured and  the available information is often difficult to interpret.111 The 
imaging of an arrangement of atoms along a specific direction using electrons of a particular 
kinetic energy may produce many different images, depending on the aberrations of the 
imaging system. However, the complete complex-valued electron wave function at the exit 
face of the specimen is independent of the imaging conditions and may even contain 
information about the three-dimensional arrangement of the atoms that it has scattered 
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from.112-114 Multiple images that have been recorded at different planes of focus  in principle 
allow the exit wave function to be recovered.115 The acquisition of a series of defocused 
images does not require any specialized equipment attached to an electron microscope. 
However, quantitative reconstruction requires a sophisticated computer algorithm to solve 
a large system of non-linear equations.  
In off-axis electron holography, the attainable spatial resolution is limited by the fringe 
spacing, which is related to the biprism voltage and magnification. The fringe spacing should 
be no finer than ~ 3 times the pixel size of the detector. In-line and off-axis electron 
holography are highly complementary in their capabilities. While, on the one hand, off-axis 
electron holography can be used to recover all spatial frequencies with equal signal-to-noise 
properties, in-line electron holography is more efficient in recovering high spatial frequency 
components of the wave function, but is less sensitive to low spatial frequencies in the 
phase. Here, the applicability of hybrid electron holography approach,83 which was 
introduced in Chapter 3, to atomic resolution electron holographic imaging is demonstrated.  
In addition to the very high spatial resolution and large field of view that are accessible using 
this technique, the hybrid electron holography scheme at intermediate resolution by varying 
the illumination direction with defocus slightly is extended. This approach results in excellent 
phase sensitivity at intermediate magnification for measuring the mean inner potential 
(MIP) of a AuNP, showing at the same time that this approach is also much less sensitive to 
dynamical diffraction effects than conventional off-axis electron holography.    
4.2.  Methods and Experimental Procedure 
 The in-line and off-axis electron holograms of Au nanoparticles suspended on a C grid 
using an FEI Titan 80-300 TEM equipped with two electron biprisms were collected. Round 
illumination was used for both in-line and off-axis electron holography, keeping the 
experimental setup as simple as possible. At intermediate magnification, an upper biprism 
voltage of 84.4 V was used for acquiring off-axis electron holograms. A focal series consisting 
of 13 images recorded at focal planes separated by 30 nm was acquired from the same area 
as the off-axis electron hologram.  Along with the defocus, the beam tilt was changed in 
proportion to the defocus, spanning a tilt range of approximately 2 mrad between the first 
and the last image in the series. Both the off-axis and the in-line electron holograms were 
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energy-filtered using a 10 eV energy-selecting slit. For high-resolution off-axis electron 
holography, a bottom biprism voltage of 97.4 V was used and a 13-member focal series was 
acquired at 5 nm defocus steps.  In contrast to the medium resolution experiment, high-
resolution electron holography was carried out without using energy filtering and without 
introducing beam tilt. At magnifications allowing atomic resolution, the off-axis electron 
hologram were acquired using an exposure time of 3 s, while an exposure time of 1 s was 
used for each image in the focal series. At intermediate magnifications, off-axis electron 
holograms were acquired for 20 s while each image in the focal series was acquired using 1 
s exposure time.  All images were recorded on a 2048 x 2048 pixel CCD camera (Gatan, Inc.).  
For off-axis electron holography, the reference waves and line profiles of the interference 
fringe contrast are shown in Fig 4.1. 
 
Figure 4. 1 1 a) Off-axis electron hologram; b) vacuum reference electron hologram; c) profile of fringe spacing 
at intermediate magnification; d) off-axis electron hologram; e) reference wave; f) profile of fringe spacing at 
atomic resolution. Reprinted from Ozsoy-Keskinbora et. al.116 with permission from Elsevier, copyright 2016.  
Reconstruction of in-line and hybrid electron holograms was performed using the flux-
preserving wave reconstruction (FPWR),25,26 which takes into account the modulation 
transfer function (MTF) of the CCD camera, partial spatial coherence and defocus-induced 
image distortions. Off-axis electron holograms were reconstructed using HolograFree69 
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software. The reconstructed phase and amplitude images were used for calculating the 
mean inner potential (MIP) according to the Eq. 2.7 and 2.8.58 The value of CE is 
6.53 x 106 rad V-1 m-1 at an accelerating voltage of 300 kV. 
The specimen thickness t was obtained from the reconstructed amplitude images using 
the expression96 
t/λin= - 2ln Ao/Ar      Eq. 4. 1 
where Ao is the amplitude of the electron wave within the object and Ar is the mean 
amplitude within the vacuum area. The inelastic mean free path λin was calibrated (21.097 
nm, for off-axis and 29.9 nm for hybrid electron holography, respectively) by ensuring that 
the inferred specimen thickness t was equal to the thickness reconstructed from a 
tomographic tilt series  in the middle of the sample. 
4.3.  Results and Discussion 
Reconstructed amplitude and phase images of the AuNPs, which were obtained at 
intermediate magnification using the three different electron holography methods (off-axis, 
in-line and hybrid electron holography), are shown in Fig. 4.2. Compared to the in-line 
electron holography phase image (Fig. 4.2b), which was reconstructed from 13 images, the 
hybrid electron holography approach, which combines information from both the off-axis 
electron hologram and the 13 defocused images, makes use of the low-spatial-frequency 
phase information in the off-axis electron hologram and thus recovers this contribution 
much better than in-line electron holography alone (Fig. 4.2c).  
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Figure 4. 2 (a, b, c) Phase and (d, e, f) amplitude of Au nanoparticles measured using off-axis, in-line and hybrid 
electron holography, respectively, at medium magnification. Reprinted from Ozsoy-Keskinbora et. al.116 with 
permission from Elsevier, copyright 2016. 
The noise levels in both the amplitude and the phase are also much lower in the hybrid 
electron holography reconstruction than in the reconstruction from the off-axis electron 
hologram. Moreover, the hybrid reconstruction does not contain biprism fringe and 
unwrapping artefacts which diminishes after the procedure presented in Fig 4.3), which are 
visible in the off-axis reconstruction (compare Figs 4.2 a, c, d, and f.).  
Experimental measurements of the MIP of gold in the literature vary between 20 and 
30 V,117-119 while calculated values vary between ~ 25.0 and 35.9 V.120,121 The MIP values that 
were obtained here are 23.16 ± 0.4 V from the off-axis electron hologram and 23.53 ± 0.12 
V from hybrid electron holography when a sample thickness of 90 nm was assumed in the 
middle of the sample (see the selected are shown in Figs. 4.2 a and c). Figure 4.4b shows a 
line scan (the selected area shown in figure 4.4d of the MIP calculated from the 
reconstructed phase and amplitude images for both the hybrid and the off-axis approach, 
according to Eq. 2.7. Although the phase (Fig. 4.2 a) obtained using off-axis electron 
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holography agrees, on average, with that obtained using the hybrid electron holography, the 
amplitude recovered from the off-axis electron hologram alone shows a strong influence 
from dynamical diffraction. This leads to an apparent decrease in specimen thickness 
towards the center of the particle (see Fig. 4.4c).  Each image in the focal series was acquired 
at a slightly different beam tilt (the total variation in beam tilt was ~2 mrad), yielding a 
slightly different dynamical diffraction condition. As the technique is designed to recover an 
electron wave function that best describes the intensity distribution in all of the images, the 
hybrid and in-line electron holography approaches effectively average over different 
dynamical diffraction conditions, reducing the influence of dynamical effects, resulting in 
more accurate amplitudes (Fig. 4.2 e,f) and thickness maps.   
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Figure 4. 3 Schematic view of the procedure used to reduce artifacts during phase unwrapping. First the wave 
function (ΨS) obtained by off-axis electron holography was smoothed using by changing the objective aperture 
with QSTEM.122 Then, it was subtracted from the original wave image in order to obtain the high spatial 
frequency information (ΨH).  Finally, (ΨS) and (ΨH) were summed and fed to the in-line/hybrid reconstruction 
algorithm. Reprinted from Ozsoy-Keskinbora et. al.116 with permission from Elsevier, copyright 2016. 
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Figure 4.4b shows that the inferred variations in MIP are much greater from off-axis 
electron holography alone than using the hybrid approach. Apart from surface effects, the 
MIP recovered using hybrid electron holography is almost constant, as would be expected. 
Therefore, it is concluded that measuring the MIP of a strongly diffracting crystal using 
hybrid electron holography is more reliable than using off-axis electron holography alone.  
 
Figure 4. 4 a) Phase and b) MIP profiles obtained using off-axis and hybrid electron holography, respectively, 
from the region shown in d. The black arrow in b) indicates the edge of the specimen. To the left of the arrow 
there is vacuum. c) Specimen thickness profiles determined using the different techniques from the measured 
amplitude profiles. d) Bright-field image showing the areas from which the profiles were extracted. Reprinted 
from Ozsoy-Keskinbora et. al.116 with permission from Elsevier, copyright 2016. 
Figure 4.4b also shows an increase in the MIP within a range of ~ 5 nm from the particle 
surface. This increase was attributed to the surface tension.117 One of the advantages of off-
axis electron holography is that the reconstructed amplitude and phase represent exactly 
the wave function of elastically scattered electrons, i.e, all inelastically scattered electrons 
have been removed. It is therefore expected that the elimination of the inelastic signal 
causes the amplitude determined from the off-axis electron hologram to be lower than that 
determined using in-line electron holography.123,124 Since in the in-line and hybrid electron 
   66 
holography schemes inelastically scattered electrons can contribute to the recorded signal, 
their energy loss is lower than the cut-off energy loss defined by the energy-selecting slit. 
  
Figure 4. 5 (a, b, c) Phase and (d, e, f) amplitude measured using off-axis, in-line and hybrid electron holography, 
respectively, at atomic resolution. Reprinted from Ozsoy-Keskinbora et. al.116 with permission from Elsevier, 
copyright 2016. 
A significant advantage of hybrid electron holography over off-axis electron holography 
is its capability to record high-resolution electron holograms with a lower total electron dose 
and less stringent requirements on the experimental conditions, such as spatial coherence. 
The advantage of hybrid electron holography over pure in-line electron holography is that 
very low spatial frequencies in the phase are also recovered. Figure 4.5 demonstrates the 
capability of hybrid electron holography (see Fig 4.5 c, f) to recover both low and high spatial 
frequency information with atomic resolution by utilizing a focal series of 13 images, which 
can in principle be reduced to as few as 3 images (Fig. 4.6) for a reduced dose, although with 
less perfect results. The recording of exit wave functions at high spatial resolution using off-
axis electron holography alone is a very challenging task for reasons that are discussed in 
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the literature,38,125 mostly because of requirements for long exposure times, very high 
stability of the instrument and sensitivity of the experimental setup to vibrations and stray 
fields, requiring a superior microscope and working environment. The degree to which off-
axis electron holography results are impacted by non-ideal experimental conditions can be 
seen in Fig. 4.5 a,d. In-line electron holography or focal series reconstruction is typically used 
when the main purpose of an experiment is to identify atomic positions, because accurate 
results at high spatial frequencies can be expected. However, variations in phase with 
characteristic spatial frequencies that are lower than the range of spatial frequencies that is 
reliably accessible using in-line electron holography cannot be quantified using this 
technique. This limitation in in-line electron holography becomes apparent in Figs. 4.2b and 
3b, as the maximum phase shift expected from these materials is in the 10-15 π range for 
intermediate magnifications and 7π for atomicly resolved imaging when it is compared with 
more reliable off-axis values (Figs. 4.2a and 4.5a). However, the phase shift recovered from 
in-line electron holography is only ± 5π at intermediate magnifications and at atomic 
resolution only ± 1π. In contrast, the phase recovered using hybrid electron holography 
contains both low and high spatial frequencies. The atomic structure can then be correlated 
directly with long-range electromagnetic fields associated with it.  
 
Figure 4. 6 a) Phase and b) amplitude images obtained using a hybrid electron holography reconstruction with 
3 defocused images. Reprinted from Ozsoy-Keskinbora et. al.116 with permission from Elsevier, copyright 2016. 
   68 
4.4.  Conclusions  
The first application of hybrid electron holography at atomic resolution has been 
presented. The primary advantage of the combined approach, which was applied to Au 
nanoparticles, is the reliable reconstruction of the exit wave function with low noise across 
the complete range of spatial frequencies. Whereas atomic positions can be retrieved 
accurately from just the high spatial frequency components of the exit wave, the ability to 
record reliable measurements across the complete range of spatial frequencies becomes 
important for full quantification of, e.g., the relationship between structure and electrostatic 
or magnetic fields. This technique has also been applied at medium resolution, obtaining the 
mean inner potential of a Au nanoparticle and showing that varying the illumination 
direction with defocus reduces artifacts from dynamical scattering, in addition to yielding 
excellent signal-to-noise properties. Our measurements agree both with calculations120,121 
and with measurements reported using other techniques in the literature117-119. Both off-
axis and hybrid electron holography show an increase in the measured MIP close to the edge 
of the specimen, as reported previously before by others.117 It has been shown that feeding 
the in-line (focal series) reconstruction algorithm with off-axis data as an initial guess greatly 
enhances the result at low spatial frequencies, with only minimal noise added at high spatial 
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5. Summary, Scientific Impact of the Present Study and Future Work 
5.1.  Summary   
Focal series reconstruction or in-line electron holography is a common procedure in 
atomic resolution investigation for increased resolution, to eliminate the aberrations of the 
imaging system and to obtain quantitative information, especially because of the 
deficiencies of existing imaging systems. Although since 1990s higher order aberrations such 
as Cs, Cc, coma etc., 126,127 can be corrected, focal series reconstruction is still important, 
because aberration correction increases the information limit of microscopes, which in turn 
increases the achievable resolution with focal series reconstruction. Also, aberration 
correction or modifications proposes alternative possibilities to solve some problems in focal 
series reconstruction.80  
 In in-line electron holography the information transfer at high spatial frequencies is 
very efficient. As a matter of fact, it can reach the information limit of the microscope easily. 
However, the recovery of low spatial frequencies is limited, which becomes an even bigger 
problem at lower magnifications. Exploring alternative ways to recover the missing low 
spatial frequency information was the objective of this work. For this, two reconstruction 
approaches were developed.   
Gradient-flipping assisted flux preserving in-inline reconstruction: The first method is the 
extension of the flux preserving algorithm with an applied modification that consists of 
flipping the gradient of the recovered phase where its absolute value is below a certain 
threshold, every few iterations.  Such a procedure is known to favor solutions that are sparse 
in the domain where the flipping is applied. With the gradient-flipping assisted flux-
preserving in-line reconstruction, the missing low spatial frequency information was 
decreased from 80 percent down to 40 - 50 percent. The main advantage was the 
disappearance of artifacts at the interfaces due to the missing frequencies.  
Hybrid electron holography: The second approach was the hybridization of the two 
complementary electron holography approaches, off-axis and in-line electron holography. 
This method brings together the strong points of each method and provides better phase 
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sensitivity and resolution over the whole spatial frequency range compared to the individual 
methods. The off axis-electron holography provides very powerful working conditions at 
lower magnification for mapping electrical and magnetic fields, mean inner potentials, strain 
etc., while in-line electron holography struggles in recovering the low spatial frequencies. In 
contrast, in the high spatial frequency regime, the phase sensitivity performance of in-line 
electron holography is much more efficient due to a better signal to noise ratio and higher 
resolution capability.  
 The flux preserving non-linear in-line reconstruction algorithm is an iterative method 
that starts with a random phase guess. Using the off-axis electron holography phase as an 
initial guess provides the necessary low spatial frequency information and in the frequency 
regime where the signal to noise ratio performance of off-axis electron holography is lower, 
the information is provided by the in-line electron holography. By using the hybrid electron 
holography approach the off-axis phase resolution can be improved by ~ 60 % and the noise 
level decreased by ~ 75% in the phase. This value can reach even ~ 95 % for amplitude noise. 
Furthermore, in contrast to in-line electron, holography, hybrid electron holography 
recovers the whole frequency range with very similar precision, hence it makes quantitative 
analysis possible with a high level of accuracy.   
5.2.  Scientific Impact of the Present Study  
 The fully quantitative in-line electron holography reconstruction for strong phase 
objects, especially at lower magnifications, does not seem possible with the existing 
methods. However, even though gradient flipping assisted wave reconstruction couldn’t 
deliver fully quantitative phase recovery, it is able to reconstruct the phase information 
without creating extra features (artifacts) at large phase change regions with subtracted 
phase information. This makes in-line electron holography a more useful method where 
quantification is not so critical, but where qualitatively reliable information is necessary. It is 
applicable in all kinds of field emission gun transmission electron microscopes also at low 
magnification investigations.  
 Hybrid electron holography promises better phase resolution, sensitivity and 
quantifiability than off-axis and in-line electron holography individually. So, this method can 
be used to answer demanding questions in low dimensional materials, which require very 
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high precision and accuracy. Also, it allows efficient use of dosage and this makes hybrid 
electron holography a good candidate for phase reconstruction of beam sensitive materials. 
Furthermore, hybridization of the two methods is not only limited to the electron imaging 
but is applicable also to other wave imaging methods, using for instance, photons from 
optical to X-ray energies. This method can find applications in X-ray microscopy, medical 
imaging using both X-rays and ultrasound etc. 
5.3.  Future Work 
As a continuation of this thesis work, I would like to propose some examples including 
some preliminary result. As mentioned before, the initial objective of this dissertation was 
mapping the 2 DEG in Bi2Se3, but due to the limitations of existing characterization methods 
this purpose could not be achieved. To be able to overcome these limitations, the two 
alternative methods are proposed in the thesis.  
Figure 6.1 shows the phase and amplitude images of Bi2Se3 by using the hybrid electron 
holography approach. The cut-off resolution of the images were calculated as ~ 0.5 nm. As 
can be seen from the figure, the sensitivity and resolution of the phase image, is high enough 
to resolve the localization on the phase shift of the c-lattice fringes, with lattice distances of 
2.86 nm.  
 
Figure 5. 1 a) Amplitude and b) phase image of Bi2Se3 using hybrid electron holography. 
The two images represented in Fig. 6.1 b are identical images with different phase 
offsets, which are used to show the whole image phase range due to high phase differences.  
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When both amplitude and phase images in Fig. 6.1 are compared with the results of Fe-
C core-shell particles shown in Fig. 3.4  g and h., Fig. 6.1 a and b are relatively blurred and 
have some artifacts at the edges. This causes problems in quantitative analysis for this 
sample system due to the possibility of the localization of 2DEG at the edge of the specimen.  
The FEI Titan 80–300 TEM, equipped with a field emission gun, utilized for the hybrid 
electron holography of the Bi2Se3 specimens produces a beam of very high coherence. 
Therefore, layered structure of Bi2Se3 creates very strong Fresnel fringes at the edges, which 
in turn complicates the image registration processes. This problem is more convoluted with 
the fact that the Fresnel fringes are aligned parallel to the lattice fringes of the specimen. 
The reason of the blurriness and the artifact at the surface, where Fresnel and lattice fringes 
align parallel to each other, can be attributed to superposition of the lattice fringes with 
Fresnel fringes which affects the reconstruction.  
In addition to Bi2Se3, LAO/STO which is an important materials system for high 
temperature super conductivity and quite challenging system for electron holography 
experiment was carried out. In both materials system the observation of 2DEG position in 
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